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Foreword 



It is at times difficult to predict from the outset how our understanding of neurologic disease and of brain function may be 
enhanced by the development and application of a new technology. Roentgen's discovery of X-rays, for instance, allowed an 
initially unforeseen extension of our senses and opened a new era of modern medicine. 

Despite the extraordinary insight of early neurologists like Jackson and Gowers, the mechanisms of epilepsy remained the 
subject of intuitive analysis and, even in the 1920s, there was still some question whether pyknolepsy was epileptic or not. All 
this changed with the discovery of the electroencephalogram by Hans Berger. It opened a window on the physiology of 
epilepsy that in turn fueled research and undreamed progress in our understanding of the working of the brain. The EEG 
complemented clinical localization, and the electroclinical correlation became the gold standard for our understanding and for- 
mulation of the different forms of epilepsy. 

The advent of computed tomography revolutionized neurologic diagnosis and lightened the burden of neurologic dysfunc- 
tion by removing the torture of pneumoencephalography. Then came magnetic resonance imaging! Previously, few neurolo- 
gists were aware of it, and then only as an interesting exercise in physics. The early reports about its usefulness in epilepsy 
were disappointing. Excitement, however, was soon kindled when epileptologists, such as Sam Berkovic in our group and 
others as well, first realized that one could now actually see the amygdala and the hippocampus during life. 

Ruben Kuzniecky was part of this early wave of enthusiasm and chose magnetic resonance imaging pathologic correlations 
in temporal lobe epilepsy as the subject of his debut in clinical research. On the other side of the globe, Graeme Jackson, work- 
ing with Bladin and Berkovic, became similarly enthralled by the spell of modern imaging of epileptic disorders. Information 
mushroomed and our understanding of the mechanisms of epilepsy was greatly enhanced. 

Since the first edition of this book there have been new technical developments such as diffusion and perfusion MRI. These, 
I hope, will be subjected to further clinical validation in the field of epilepsy and permit new approaches in patients with status 
epilepticus and should clarify also the spread of epileptic discharge. Spike-dependent FMRI permits the marriage of electro- 
physiology and imaging. Quite surprising results are emerging, which should lead to new insights on the mechanisms not only 
of focal, but also of generalized epilepsy. 

The investigation of patients with epilepsy is in a continuous process of evolution. In particular, one can say without 
exaggeration that magnetic resonance imaging and now magnetic resonance spectroscopy have and continue to revolutionize 
our concepts of epilepsy. Recently, the indications and methods of presurgical evaluation have been completely altered by the 
utilization of magnetic resonance techniques, with reduction in morbidity, improved accessibility, and reduced costs. 

Medical administrators and economists are still not always aware of the need for congruent information from the different 
imaging and other sources in the localization of the epileptic process. This should include, in addition to high-quality MRI, 
magnetoencephalography and positron emission tomography, highlighting the need for congruence of these different 
techniques in order to obtain the best possible localization. Important challenges remain: for instance, the demonstration of 
imaging changes in mild cortical dysplasia, a test of the ingenuity of the physicists working in this rapidly expanding field. 

It seemed appropriate to bring together in one volume current concepts of epilepsy, the insights derived from the new tech- 
nology, emerging approaches to investigation of patients, and the prospect of future technological advances and their clinical 
application. This timely volume will focus attention of imagers, physicists, and neuroradiologists on the problems of epilepsy 
and provide epileptologists, neurologists, and neurosurgeons with the information required to optimally use this technology for 
the benefit of epileptic patients. 

Fred Andermann, M.D. 
Montreal, Canada 



Preface to the Second Edition 



When we wrote the first edition of this book it was a time when the role of magnetic resonance in epilepsy was still being 
defined. One major issue in the field was what role MR imaging had in the diagnosis of hippocampal sclerosis (the most com- 
mon cause of intractable epilepsy). Amazingly, it was widely felt that MR imaging without crude volumetric analysis was 
unable to routinely detect hippocampal sclerosis. Functional MRI was only just being described. The first edition attempted to 
pull together the knowledge required to effectively use MR in answering clinical and research questions in epilepsy. In effect, 
we were just entering the imaging era of epilepsy. This field continues to grow and this has motivated us to undertake this sec- 
ond edition so that those beginning in the field and those who would like to review the wide range of techniques that can help 
with their clinical and research question can access a source for this. We have enlisted the help of more co-authors who can 
give deep insights into the relevant parts of these growing fields of MR as they are relevant to epilepsy. 

Now it is abundantly clear what the development of high-resolution brain imaging techniques, particularly MR imaging, has 
meant to the study and treatment of epilepsy. The multiplanar capability and high-resolution MR imaging of brain structures 
remains unmatched by any other current imaging technique. Similarly, the sensitivity of MR for the detection of small brain 
lesions is unsurpassed. MR offers high-resolution anatomic imaging and also has the ability to provide dynamic information 
about brain regions activated during various physiologic tasks. In addition, metabolic imaging using MR spectroscopy has 
now emerged as a technology with wide applications in the study of brain function and disease states. The prospect for these 
technologies is great with the advent of routinely available high-field imaging systems. These MR technologies continue to 
evolve rapidly and will continue to modify the way we study the central nervous system, its functions, and its common disor- 
ders. As well as rapid changes in the available technology, the way we interpret and apply the findings obtained using this tech- 
nology requires ever-increasing sophistication on the part of the interpreting specialist, and the analysis methods teams that are 
increasingly important in dealing with this wealth of data. It is important to understand that a 'routine study' may no longer be 
adequate for many problems, and that optimizing the MR investigation is necessary. Increasingly, patients will have many MR 
sessions, starting with a screening examination, returning for a focused study based on clear ideas of probable disease areas 
and epileptological hypotheses, and finally returning for advanced investigations that cannot be performed in all cases. This 
requires very close communication between the physician, the physicist, and the imaging specialist and the analysis team. 

The aim of this second edition of Magnetic Resonance in Epilepsy is to update readers about this rapidly changing field and 
its application to human epilepsy. We have retained in part the organization of the first edition with the first three chapters 
devoted to an introduction to principles that we feel are needed to more fully understand the context of neuroimaging findings. 
The first chapter is an introduction to epilepsy, written largely for those not familiar with the field. Chapter 2 similarly deals 
with the principles of MR in a way that is intended to provide an overview of major issues that allow the non-physicist an 
understanding of how MR works. We hope this will help in understanding the specific findings of later chapters. We felt that 
Chapter 3 by Henry Duvernoy was a masterpiece in the first edition. There it dealt primarily with the anatomy of the hip- 
pocampus and temporal lobe. As the focus of MR has increasing expanded to deal with issues of abnormalities beyond the 
temporal lobe, so this chapter has been expanded to include anatomic and MRI details of the entire brain. We strongly believe 
that the detection of what is abnormal is based on a detailed and deep understanding of normal brain anatomy as demonstrated 
by classical sectional anatomy (almost equivalent to high-resolution MRI). 

Chapters 4-7 discuss epilepsy first from the viewpoint of the site of seizure origin (Chapters 4 - temporal - and 
5 - extratemporal). This reflects our clinical interest relevant to the investigation of patients with epilepsy. Chapters 6 and 7 
approach the MR findings from an etiologic viewpoint. The common acquired causes for epilepsies (Chapter 6) are followed 
by a discussion of malformations of cortical development (Chapter 7). Chapter 8 is devoted to advances in structural analysis 
of MRI, which increasingly allows the detection of subtle cortical abnormalities that are often the basis of epilepsy . 

Chaper 9 provides a discussion of language and memory from the viewpoint of the epilepsy neuropsychologist. While we 
could have placed this in the initial part of the book as essential principles, the advent of fMRI of language and memory 
(Chapter 10) needs to be understood along with this perspective. 
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The linkage of the spatial resolution and sensitivity of fMRI with the temporal resolution of electroencephalography 
(Chapter 1 1) promises to be revolutionary for our understanding of epilepsy process in the intact whole brain. This promises 
to have clinical applicability in many situations as well. 

Techniques such as perfusion and diffusion imaging, DWI (Chapter 12) and MRS (Chapter 13), are important research tools 
in epilepsy that are rapidly developing and being applied to problems in clinical practice. 

Chapters 14-16 discuss the role of other imaging techniques in epilepsy such as PET, SPECT, and magnetoencephalography. 
It is with wonder that we see how these new techniques have advanced the field. 

We do not discuss computed tomography imaging in this book. CT technology continues to develop and, although we do 
not recommend CT studies for the investigation of epilepsy, it will be interesting to see how this technology develops in the 
next decade. 

We hope that the reader will find in this book a valuable source of information on MR and the role of neuroimaging in 
epilepsy. The success of this book will only be measured by how helpful it is to those who use it for research, education, and 
clinical care. As we wrote in 1995 in the preamble to our first edition, 'MR technology is rapidly changing but we trust that 
the guiding principles of MR as described in this book may apply to technology and applications of this technology yet to 
come' . In retrospect, we think we were correct. We are confidently courageous to repeat the same message again. Ultimately, 
our hope is that the knowledge obtained from this book will be usefully applied to the investigation and treatment of those most 
afflicted: patients with epilepsy. 

Welcome to the neuroimaging era of epilepsy! 

Ruben I. Kuzniecky, New York, USA 

Graeme D. Jackson, Melbourne, Australia 

July 2004 
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CHAPTER 1 



Introduction to Epilepsy 



Graeme D. Jackson, Ruben I. Kuzniecky and Samuel R Berkovic 



"Today, epilepsy has more secrets to confide to the neurologist or neurosurgeon who can understand the 'tongue' she speaks." 

Wilder Penfield, 1974 (age 83). 



The origin of the modern view of epilepsy is generally 
considered to have been the studies and work of John 
Hughlings Jackson (Fig. 1.1). He was appointed assistant 
physician to the National Hospital for the Relief and Cure of 
the Paralysed and Epileptic (now the National Hospital for 




FIG. 1.1. John Hughlings Jackson, London (1835-1911). 



Neurology and Neurosurgery), Queen Square, London in 
1862 at the age of 27. Jackson's wife developed focal motor 
seizures following a cerebral thrombosis, and it is this form 
of epilepsy, with its typical march of symptoms, that became 
known as jacksonian epilepsy. This work was in the context 
of a developing view of neurology that was beginning to 
relate cortical functions to specific locations within the 
brain (1). In 1873 Jackson presented his classic definition of 
epileptic seizures, which was 'occasional sudden excessive, 
rapid and local discharges of gray matter (2, 3).' This view 
established partial seizures as being truly epileptic in origin. 
At that time William Gowers, J. Hughlings Jackson, Victor 
Horsley, and David Ferrier were developing concepts of 
cortical localization and of epilepsy, which were to have far 
reaching consequences. The combination of basic scientific 
research and clinical findings enabled Jackson's ideas to be 
confirmed by Ferrier in experiments in primates using tech- 
niques of cortical stimulation (4). As a consequence, brain 
functions were able to be localized and the view developed 
that localization of the site of origin of seizures was possible 
based on their clinical symptoms - in particular the symptoms 
at the start of the clinical seizure. 



ORIGINS OF SEIZURE SURGERY 

Using this concept of brain localization and using clin- 
ical symptoms as a guide to the site of the seizure focus 
(jacksonian seizures), a neurosurgeon in Glasgow, William 
Macewen, correctly localized a frontal meningioma and 
operated in 1879 (5). Following tumor removal the patient both 
survived and became seizure-free. At the National Hospital 



2 / Chapter 1 



in London, Victor Horsley operated on three patients with 
epileptogenic lesions in 1886 (6). The first of these was a 
patient of Jackson's, and present in the operating theater 
were Horsley, Jackson, and Ferrier. This represents the origin 
of epilepsy surgery for the treatment of epilepsy. Although 
these early cases were successful, establishing the principle of 
seizure control by surgical removal of the 'seizure focus,' the 
overall success of surgery for epilepsy was poor and eventu- 
ally operative treatment fell into disuse until the 'modern era' 
represented by Penfield and colleagues at the Montreal 
Neurologic Institute. What now seem like simple measures, 
such as anesthesia, antisepsis, and antibiotics, made a large 
impact on the feasibility and safety of neurosurgery for 
epilepsy, as they did in many other areas of medicine. 

Despite major developments in the understanding of the 
process of epilepsy and the propagation and spread of 
seizures, the central issues and principles on which this sur- 
gery was based have, at their core, remained largely 
unchanged to the present day. That is, if the seizure focus 
can be accurately localized, then surgical removal of that 
focus will alleviate the occurrence of seizures. What has 
changed to a remarkable extent is the technological environ- 
ment in which this work can be carried out. Major milestones 
have been the advent of the electroencephalogram (EEG) 
and more recently neuroimaging techniques, represented in 
their most dramatic form by magnetic resonance imaging 
(MRI). The data and criteria by which the diagnosis of 
seizure localization is made continues to develop and this 
book examines the role of MR in this evaluation process: 
this development has changed the face of epilepsy diagnosis, 
management and treatment. In addition to its initial revolu- 
tionary role in surgical treatment of epilepsy, MRI has altered 
the understanding of, and clinical approach to, many forms 
of focal and generalized epilepsy. 



THE MODERN ERA 

During the 20th century, Wilder Penfield (Fig. 1.2), who 
founded the Montreal Neurologic Institute in 1934, became 
the leading figure in the further development of both the sur- 
gical treatment of epilepsy and the structural localization of 
brain functions. In common with Jackson, his extensive 
writings, coupled with a clear, detailed, and objective skill in 
observation, provided a wealth of information, which is of 
relevance to this day. From his observations, Penfield recog- 
nized the dramatic vascular changes that occur during 
seizures (7). Despite the subsequent emphasis, as a conse- 
quence of the development of the powerful EEG technology, 
on the electrical events that occur during seizures, Penfield 
retained his interest in these vascular changes throughout his 
life (8). With the advent of ictal imaging technologies, such as 
SPECT (9) and functional MRI, the legacy of his observations 
remain relevant to the interpretation of blood flow changes 
during ictal events. Although he died in 1976 at the age of 85, 
before the development of medical nuclear magnetic 




FIG. 1.2. Wilder Penfield, Montreal (1891-1976). 



resonance technology, he clearly foresaw that new techno- 
logy would reveal many new aspects of epilepsy and brain 
functions. 



ELECTROENCEPHALOGRAM DEVELOPMENT 

In 1929, Berger published the technique of EEG (10), 
which, in his study, was based on a single-electrode contact. 
This important technology was subsequently developed by 
many researchers to provide a means whereby seizures 
could be localized without characteristic and localizing ictal 
clinical symptoms. This was a very exciting development in 
neurology as it enabled the totally noninvasive investigation 
of brain function with an objective technique that provided 
information independent of the clinical examination. This 
eventually shifted the emphasis from epilepsy originating in 
eloquent areas of cortex such as the motor strip (because of 
the ability to localize these events) and enabled temporal 
lobe seizures to be localized on the basis of the elec- 
troencephalographic localization of the electrical activity 
associated with the seizure. 

The EEG technology developed to the point that in 1951 
Bailey (neurosurgeon) and Gibbs (electroencephalographer) 
published a series of 25 patients who underwent temporal 
lobe resection based only on EEG criteria (11) without sup- 
porting clinical localization. The results were encouraging 
and helped establish the EEG as the prime method of 
seizure localization, to the extent that epileptic syndromes 
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often became referred to as electro-clinical diagnoses 
(showing how important this investigation modality had 
become in the practice of epilepsy). Over the next 30 years 
the study of epilepsy was dominated by the technical develop- 
ment of, and understanding of the information obtained from, 
the EEG (12, 13). During this period, surgery, as a treatment 
of epilepsy, also gained considerable ground. 



MAGNETIC RESONANCE IMAGING 

Magnetic resonance techniques were first applied to 
human studies in the late 1970s (12) and the routine clinical 
availability of MRI began in the mid 1980s. MRI enables a 
detailed view of the fine structure of the living brain, which 
had previously only been possible after death (by post- 
mortem examination). It soon became apparent that MRI 
could add another powerful dimension to the problem of 
localizing where seizures originate by demonstrating the 
location and nature of structural brain abnormalities. Small 
tumors, many which had been undetected by CT scanning, 
were commonly found in these patients (13-17). 

Less apparent, but especially important, lesions such as 
hippocampal sclerosis were initially thought to be largely 
undetectable using MR (14, 16, 18). The development of MR 
techniques for the detection of hippocampal sclerosis figured 
prominently in the first edition of this book and remains 
central to epilepsy practice. Even in the case of tumors, how- 
ever, a new issue arose. There is an apparent dissociation in 
some cases between the site of the EEG abnormality and the 
imaging abnormality. The issue then becomes: which is most 
important; to resect the structural lesion or to resect the area 
of EEG abnormality? The answer to this could only have been 
addressed in the MR era of epilepsy surgery. Most studies 
suggest that removal of the structural abnormality, when it can 
be detected, is critical for good post-surgical outcome (19, 20). 

Magnetic resonance also opened Pandora's box on malfor- 
mations of cortical development, which are a major cause 
of hitherto unexplained epilepsies (21). While classical neuro- 
pathology on autopsy specimens had led to the recognition of 
severe developmental abnormalities, it was only with the 
advent of MR that more subtle varieties were properly appre- 
ciated. Understanding and interest in this area has exploded in 
the last few years, largely due to the impetus of MRI (Box 1.1). 

Improvements in instrumentation, sequence development 
and interpretative skills have enabled ever more subtle 
lesions to be detected. MR is now an obligatory part of the 
investigation of all patients with epilepsy, although the yield 
may be low for certain clearly defined idiopathic syndromes. 



STRUCTURAL VERSUS FUNCTIONAL 
ABNORMALITY 



The distinction between the structural lesion that may 
underlie the epileptic process, the area that produces 



BOX 1.1 Classification Scheme: Malformations of 
Cortical Development 



1. Malformations Due to Abnormal Neuronal and Glial 
Proliferation or Apoptosis 

A. Decreased proliferation/increased apoptosis: 
microcephalies 

1 . Microcephaly with normal to thin cortex 

2. Microlissencephaly (extreme microcephaly with thick 

3. Microcephaly wilh polymicrogyria/cortical 

B. Increased proliferation/decreased apoptosis (normal cell 
types): megalencephalies 

C. Abnormal proliferation (abnormal cell types) 

1. Non-neoplastic 

a. Cortical hamartomas of tuberous sclerosis 

b. Cortical dysplasia with balloon cells 

l. in . . ... ; I •■■: t: 

2. Neoplastic (associated with disordered cortex) 

a. Dysembryoplastic neuroepithelial tumor (DNET) 

b. Ganglioglioma 

c. Gangliocytoma 

II. Malformations Due to Abnormal Neuronal Migration 

A. Lissencephaly/subcortical band heterotopia spectrum 

B. Cobblestone complex 

1 . Congenital muscular dystrophy syndromes 

2. Syndromes with no involvement of muscle 

C. Heterotopia 

1 . Subependymal (periventricular) 

2. Subcortical (other than band heterotopia) 

3. Marginal glioneuronal 

III. Malformations Due to Abnormal Cortical Organization 
( Including Late Neuronal Migration) 

A. Polymicrogyria and schizenccphaly 

1. Bilateral polymicrogyria syndromes 

2. Schizenccphaly (polymicrogyria with clefts) 

3. Polymicrogyria with other brain malformations or 
abnormalities 

4. Polymicrogyria or schizenccphaly as part of multiple 
congenital anomaly/mental retardation syndromes 

B. Cortical dysplasia without balloon cells 

C. Microdysgenesis 

IV. Malformations of Cortical Development. Not Otherwise 
Classified 

A. Malformations secondary to inborn errors of 
metabolism 

1. Mitochondrial and pyruvate metabolic disorders 

2. Peroxisomal disorders 

B. Other unclassified malformations 

1 . Sublobar dysplasia 

2. Others 



Modified In 



22. 



symptoms, and the epileptogenic zone has been clearly 
made (see Engel 1993 (1) and references therein). In addition 
to remarkable advances in structural imaging, MR spectro- 
scopy (MRS), functional MRI (fMRI) of brain function 
and very recently, fMRI of epileptic activity have changed 
our understanding and clinical practice in epileptology. No 
one could have predicted the remarkable ability that MR 
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techniques have for investigating noninvasively brain struc- 
ture, function biochemistry, and metabolism. 

In 1967, Penfield, aged 76, published a paper with the title 
of 'Epilepsy, the great teacher: the progress of one pupil (23).' 
The sentiment of this paper is no less true today than ever, 
and MR technology may provide many new insights and 
lessons if we can learn to use and apply it well. 



DEFINITIONS, TERMINOLOGY AND 
CLASSIFICATION 

Epilepsy terminology can sometimes seem very difficult 
to understand. It is a field that has much confusing and 
residual outdated terminology. The terminology, and indeed 
the knowledge this terminology relates to, has changed rap- 
idly over a relatively short time. It is therefore important to 
have at least a few clear concepts and to understand some- 
thing about the current definition and significance of terms 
relating to epilepsy, in order to make any sense of the field. 

An additional problem is the residue of many terms and 
concepts that no longer relate to current classifications and 
views of epilepsy. For example, the terms petit mal (meaning 
small seizure) and grand mal (meaning large seizure) date 
from the early concepts of epilepsy proposed by the French 
school of epileptology (which established an outstanding 
epilepsy tradition) and these terms are still often used. Many 
new meanings have been attached to these old concepts 
(often used in different ways even when referring to the same 
patient) and, as these concepts no longer fit our view of 
seizures, the use of these terms adds confusion rather than 
clarification. Terms such as 'grand mal' no longer have any 
part in a modern classification of seizures yet are a constant 
source of confusion to those who deal with epilepsy. 
(Generally 'tonic-clonic seizure,' a description of the seizure 
type, is what is meant by 'grand mal seizure;' see below.) 

While this book does not take on fully the task of dealing 
with general concepts of epilepsy, a few essential definitions 
and the concepts on which they are based must be established 
in order to understand the context into which we place MR 
findings. 



Important Concepts of Epilepsy 

Epileptic seizures can be defined as the clinical manifes- 
tations of abnormal excessive neuronal activity in the gray 
matter of the cerebral cortex. Although abnormal electrical 
activity usually manifests itself through predictable clinical 
features, it may be silent (pure electrographic events) or it 
may exhibit clinical features (therefore a seizure), which 
may either relate to the site of this seizure or correspond to 
regions indirectly activated by a discharge beginning at 
some distant site. Epilepsy is a chronic disorder that has as 
its major symptom events (epileptic seizures) that are only 
manifested periodically. If we define epilepsy in this way it 



must be defined in terms not of fixed underlying damage to 
the cerebral cortex but of these transient functional events. 
This may not be the only possible definition of epilepsy; 
however, it is largely these episodic events that most trouble 
the patient and that treatment is designed to prevent. 

While the first task of the practicing epileptologist is 
often to determine whether a transient event is an epileptic 
event or not (for example a pseudoseizure), we will not deal 
with this issue here. We now consider only those events that 
are epileptic in nature. 

In general, epileptic conditions can be thought of in three 
broad categories. In the first place seizures can occur in a 
normal brain, precipitated by specific factors (such as hypoxia 
or hypoglycemia). This type of seizure may be experienced 
by anyone, depending on the circumstances. Second, seizures 
can occur in an apparently structurally normal brain, but with 
a known tendency to seizures, whether genetic, biochemical, 
or otherwise. Finally, seizures can occur in a brain that has a 
definite structural abnormality, either focally or diffusely (24). 
While this may seem an obvious distinction, it is essential to 
determine which category any given patient fits into, and it is 
not always immediately obvious which situation applies. In 
order to make this distinction the clinical history (the context) 
and investigations such as EEG (function) and MRI (brain 
structure) may be essential. To begin the process of analysis 
(and subsequently to be able to communicate our findings) 
the following definitions may be usefully applied: 

Epilepsy is a general term that cannot be considered a 
diagnosis. To say that a person has epilepsy is not in any way 
specific, and should not be considered to be a complete diag- 
nosis. While it may give a general indication of the nature of 
a problem, it is so nonspecific as to be almost meaningless in 
many contexts. 'Epilepsy' encompasses a large number of 
conditions that can manifest as a variety of seizure types. 



Epileptic Seizures 



Epileptic seizures are transient events consisting of 
abnormal brain function. Hughlings Jackson (2) proposed in 
1870 that they were "occasional excessive and disorderly 
discharges of nervous tissue." With the advent of the EEG, 
this definition, in terms of electrical events in the brain, has 
become widely accepted, and many might consider a seizure 
to be an electroclinical event. It is clear, however, that an 
epileptic seizure consists of transient, complex alterations in 
blood flow, metabolism, and biochemistry, and changes in 
neurotransmitters as well as electrical events. With powerful 
new methods of noninvasive investigation of brain structure 
and function, our concepts of what an epileptic seizure is are 
starting to change as this information becomes increasingly 
available. The essential feature of an epileptic seizure is that 
it is a transient event, and it is the symptom of 'epilepsy' that 
troubles the patient. Regardless of what the underlying 
abnormality of the brain is, epileptic seizures are transient 
episodes that disturb the normal function of the brain. 
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BOX 1.2 Abridged Version of the International 
Classification of Seizures 



1 . Partial (focal, local) seizures 

A. Simple partial seizures 

B. Complex partial seizures 

C. Partial seizures evolving lo second. »\ generali/ed sl 

2. Generali/eil seizures (convulsive or nonconvulsive) 

A. Absence seizures 

B. Myoclonic seizures 

C. Clonic seizures 

D. Tonic seizures 

E. Tonic-clonic seizures 

F. Atonic seizures 

3. Unclassified epileptic seizures 



From reference 26. 



The international league against epilepsy (ILAE) classi- 
fication of epileptic seizures proposed by the Commission 
on Classification and Terminology (1981) (25) divides seizures 
into those that are generalized from the beginning, and 
those that are partial or focal at the beginning. The partial 
seizures are divided, according to whether or not conscious- 
ness is disturbed, into simple partial and complex partial 
seizures (Box 1.2). This box gives a summary of the full 
classification. 

The current classification system emphasizes features of 
the clinical seizure that can be used to make some assump- 
tions or preliminary hypotheses about the underlying mech- 
anism of the seizure disorder. Specifically, the presence of 
partial seizures implies that the seizures begin in a specific, 
possibly localized, site. The presence of generalized seizures 
provides no evidence to suggest a focal structural lesion 
(although it in no way excludes this) and it is more likely 
that either a widespread abnormality, or no detectable abnor- 
mality is present. Although the seizure type may suggest the 
likelihood of an underlying abnormality it must be consid- 
ered as only a starting point. The type of seizure is not a 
diagnosis but a symptom and therefore the concept of an 
epilepsy syndrome is a useful one. 

As noted above, epileptic seizures are transient episodes 
manifested as abnormal clinical behavior. As well as the 
clinical context of epilepsy, one can also define epilepsy in 
terms of functional events that occur at specific times. These 
events can be studied through EEG or estimating blood flow 
changes with positron-emission tomography (PET) or single- 
photon-emission computed tomographic (SPECT) techniques 
(or, more recently, fMRI). One can also view the process 
of epilepsy in terms of the underlying abnormality of the 
cerebral cortex that gives rise to these transient events. 
Using the simple concept of partial or generalized epilepsy 
(see below), one can presume that, in the first situation, a 
small area of dysfunction, either anatomical or biochemical, 
will be present. Conversely in generalized epilepsy, one may 
postulate that large brain areas are abnormal or that there are 



generalized underlying abnormalities that form the basis of 
these seizures. 

While it may not always be possible to precisely define 
all these events, it can be proposed that a complete descrip- 
tion of any epilepsy or epileptic disorder will require defini- 
tion of the clinical episodes (demonstrated by the clinical 
semiology, video monitoring to demonstrate the seizure 
events), transient functional events (partly illustrated by the 
ictal EEG, ictal SPECT, and functional MRI), and the fixed 
underlying structural and biochemical abnormality of the 
brain (as shown in part by MRI, PET, SPECT, MRS, and the 
neuropsychological deficit). 



Epilepsy Syndromes 

The first 'modern' classification of epileptic seizures, as 
presented above (25), has proved to be very useful for the 
description of a patient's symptoms, but in the MR era the 
problem often is that is often only the first step in the diag- 
nostic process. When the clinical and electrographic features 
are associated with a recognizable grouping of features such 
as age of onset, genetics, and course, they may constitute an 
epilepsy syndrome (27). Clear examples include juvenile 
myoclonic epilepsy, a form of idiopathic generalized epilepsy, 
and benign rolandic epilepsy, classified within the idiopathic 
partial epilepsies. In these conditions, a genetic defect may 
determine the clinical and EEG features. In the new approach 
to classification discussed below only certain defined, speci- 
fied, and agreed syndromes are included. This is a work in 
progress but we believe that it is a very sensible develop- 
ment and one that we fully endorse. In the MR context we 
note that the syndrome of mesial temporal epilepsy (29) has 
been proposed as a good example of lesional epilepsy, 
although this is not fully accepted as an agreed syndrome by 
the ILAE commission. 

Conceptually, the epilepsies are the diseases that cause 
recurrent epileptic seizures. Often these diseases are not 
known, or cannot be defined in terms of underlying patho- 
physiology and etiology. Therefore empirically defined 
clusters of the clinical and investigation features of these 
patients are collected into categories of classification known 
as epilepsy syndromes. 

Epilepsy syndromes are symptom complexes that include 
information from the main investigation modalities such 
as EEG and now MRI. The International Classification of 
the Epilepsies and Epileptic Syndromes (30, 31) groups the 
epilepsies according to whether they are localization-related 
(partial) or generalized, and whether they are idiopathic or 
symptomatic (Box 1.3). As more detailed information 
becomes widely available from MRI and molecular genetics, 
the classification needs to change in recognition of know- 
ledge of underlying basis of the epilepsy. As noted above, 
the defined list of epilepsy syndromes no longer tries to be 
inclusive but to list defined entities as these become more 
fully understood. The ILAE 1989 system needed to be fully 
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BOX 1.3 Abridged Version of the International 
Classification of Epilepsies 



1. I.oeali/alion-relaled epilepsies 

Idiopathic, e.g. benign childhood epilepsy with centrotemporal 

Symptomatic, e.g. t'mmal. temporal, occipital, and parietal lobe 
epilepsies (partial epilepsies) 

2. Generalized epilepsies 

Idiopathic, e.g. absence cpiieps; (childhood or juvenile) 

Juvenile myoclonic epilepsy (JME) 

Symptomatic, e.g. Lennox-Gastaut syndrome 
3 Kpilepsies n idclcrni' ted v. -ether local or generalized. 

e.g. Landau-Kleffner syndrome 
4. Special syndromes, e.g. febrile convulsions 



From reference 28. 



inclusive of all cases of epilepsy. The benefit of the new pro- 
posal is that it can list as syndromes only those entities that 
are more clearly defined. One example of this would be 
temporal lobe epilepsy with hippocampal sclerosis. 

With both approaches, an epilepsy syndrome is empiri- 
cally defined and therefore is different from a specific disease 
or a pathologically defined disorder such as tuberous sclero- 
sis or Aicardi 'syndrome' (25) where the seizures are a major 
symptom of a defined disease. Epileptic syndromes do not 
necessarily imply a common etiology. There are no ideal 
classifications; however the most widely used classification 
scheme in current use (abbreviated in Box 1 .3) is that of the 
International League Against Epilepsy ( 1 985) (30, 31). Many 
of these syndromes are electroclinical syndromes, reflecting 
the era when this classification arose. MRI and other inves- 
tigations have been difficult to incorporate into this concep- 
tual framework, leading to the concept of 'axis' so that new 
information can be incorporated while retaining the benefits 
of the very successful electroclinical syndrome concept with 
which we are all so familiar. 

The recent approach to classification has been led by the 
ILAE. Engle (22) clearly articulates the benefits of using a 
number of axes that may give conceptually different infor- 
mation about the epilepsy syndrome. This scheme remains 
under development but provides important concepts for the 
classification of epilepsy. We support this scheme as the cur- 
rent most sensible way of bringing genetic and imaging 
information into a successful framework of previously exist- 
ing electroclinical syndromes. It allows us to move forward 
in times of technological change while being 'backward 
compatible' with prior art. These developments are central 
to how we will all view our patients in the near future. As 
written by Engel (32), with our editing: 

it is anticipated that seizures and syndromes will not be organized into 
fixed dichotomous classifications, but rather categorized in various 
ways for various purposes. 

Axis J consists of a description of the ictal semiology, using a 
standardized Glossary of Descriptive Terminology. The description of 



the ictal event, without reference to etiology, anatomy, or mechanisms, 
can be very brief or extremely detailed, as required for clinical or 
research purposes. . . . Communication among clinicians, and among 
researchers, will be greatly enhanced by the establishment of standard- 
ized terminology for describing ictal semiology. 

Axis 2 is the epileptic seizure type, or types, experienced by 
the patient, derived from a list of accepted seizure types, which repre- 
sent diagnostic entities with etiologic, therapeutic, and/or prognostic 
implications. Localization within the brain should be specified when 
this is appropriate, and in the case of reflex seizures, the specific 
stimulus will also be specified here. The Task Force has constructed a 
list of accepted epileptic seizure types, including forms of status 
epilepticus, and precipitating factors for reflex seizures. Seizure 
types have been divided into self-limited seizures and continuous 
seizures, and further divided into generalized seizures and focal 
seizures, but it is anticipated that other approaches to organization, 
categorization, and classification of seizure types will be devised for 
specific purposes. 

Axis 3 is the syndromic diagnosis derived from a list of accepted 
epilepsy syndromes, although it is understood that a syndromic diagno- 
sis may not always be possible. The recommended list distinguishes 
between epilepsy syndromes and conditions with epileptic seizures 
that do not require a diagnosis of epilepsy, and also identifies which 
syndromes are still in development. It is important to stress that the 
list ... contains syndromes that are still under discussion, such as the 
new concept of Idiopathic generalized epilepsies with variable pheno- 
types, and the Reflex epilepsies, and that the Task Force will continue to 
revise this list based on the results of further deliberations, input from 
the membership, and new intormation. As with epileptic seizures, it is 
anticipated that different approaches to organization, categorization, 
and classification of epilepsy syndromes will be created for specific 
purposes. ... 

Axis 4 will specify etiology when this is known. The etiology could 
consist of a specific disease derived from a classification of diseases 
frequently associated with epileptic seizures or syndromes, a genetic 
defect, or a specific pathological substrate. . . . 

Axis 5 is an optional designation of the degree of impairment 
caused by the epileptic condition. 

Most of the cases of epilepsy dealt with in the first edition 
of this book focused on the symptomatic (or secondary) par- 
tial group of epilepsies. This was because the major contri- 
bution of MR was to imaging of various structural 
abnormalities. When the first edition was written 10 years 
ago, it was debated whether hippocampal sclerosis could be 
reliably seen with MR techniques (33). Now any center 
where the MR diagnosis is not virtually as good as the 
pathologic diagnosis should not be involved in epilepsy sur- 
gery. As can be seen by the organization of later chapters, 
MR has moved into advanced diagnosis of structural abnor- 
malities that are very subtle. Issues arise as to whether we 
only see abnormalities that cause epilepsy or whether the 
increased sensitivity shows us the consequences of epileptic 
seizures. MR also shows us structural and metabolic abnor- 
malities of the brain that will soon move into the routine 
clinical assessment of epilepsy surgery programs. 

Things have changed, but in many ways they have 
remained the same - detecting the structural basis of 
epilepsy is the main issue. Weighting the findings in an 
appropriate way for ongoing management is the skill needed. 
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Advanced MR techniques need to be known about, used, 
and understood by epilepsy clinicians. Functional MRI and 
EEG in the magnet is giving insights into generalized 
epilepsy circuits that may have important clinical impli- 
cations in the near future. Placing these advances in a diag- 
nostic framework will be increasingly important. The basis 
of understanding all this new information is good clinical 
epileptology. 



EPIDEMIOLOGY OF EPILEPSY 
How Common is Epilepsy? 

The prevalence of epilepsy has been estimated as 
5-8/1000 (27, 30, 31) with similar rates in China, Europe, and 
the Unites States despite methodological differences. Higher 
rates have been reported in some countries but it is unclear 
whether exceptionally higher prevalences are truly represen- 
tative or are related to unusual circumstances. Prevalence 
rates are age-specific (30) with increased prevalence from 
childhood to adolescence with an increase after age 70. 

The incidence of epileptic seizures (the number of new 
cases in a population over time) is approximately 30-50/ 
100000 person-years (34). Incidence is high during the first 
year of life, declines thereafter until middle age, and then rises 
sharply after age 60 (27). In any population, epilepsy manifested 
by partial onset seizures is the most frequently occurring sin- 
gle seizure type. The incidence of partial seizures remains con- 
stant through life, with an incidence of 20/100000 until age 
65, when the incidence rises to 80/100 000. Prevalence studies 
suggest that epilepsy with partial seizures comprises 40-60% 
of all newly diagnosed cases (30, 34-41). 

The natural history of this group of patients is difficult to 
determine because of methodological problems in studies of 
this subject; however, it would seem that between 50% and 
60% of patients with newly diagnosed complex partial 
seizures can be expected to achieve complete control of their 
seizures, and the majority of these will eventually be able 
to be managed without antiepileptic medications. About 
30-40% will have no improvement in seizure control, or 
will worsen. Young onset (under 2 years), a large number of 
seizures, the presence of secondarily generalized seizures, 
and a history of status epilepticus or febrile seizures are 
factors associated with a bad outcome (31, 34, A2-AA). 



Consequences of Intractable Epilepsy 

Intractable epilepsy is a very disabling condition. The 
incidence of early death in this group is high. In some 
studies up to 1% of patients with intractable epilepsy die per 
year (31, 45). The risk of sudden unexpected death (SUDEP) 
appears to be twice as high than in the general population. 
Sudden unexpected death in epilepsy appears to be more 
likely if seizures are not controlled (40-42). A higher number 



suffer significant injury. In addition to this clear medical 
injury, the social consequences of intractable seizures can be 
disabling. Psychosocial patterns and independence are not 
established normally through the developing and adolescent 
years. A patient with intractable seizures cannot hold a 
driving license, and is so precluded from many social inter- 
actions and vocational opportunities. The public loss of 
body control that occurs during major seizures can be 
psychologically and socially disabling both personally and 
in the work place (46). This social impairment can have 
major consequences even after successful epilepsy surgery 
that renders the patient seizure-free (47-49). 



MECHANISMS OF EPILEPSY 

In 1885, Gowers posed one of the most fundamental 
questions about epilepsy. Is epilepsy a disease process that 
occurs before the first seizure or is it an ongoing process 
starting after the first seizure? In his monograph on Epilepsy 
and other chronic convulsive disorders (50), Gowers wrote: 

The effect of a convulsion on the nerve centers is such as to render 
the occurrence of another seizure more easy, to intensify the predispo- 
sition which already exists. Thus every fit may be said to be, in part, 
the result of those which have preceded it, and the cause of those which 
follow it. The search for the causes of epilepsy must thus be chiefly an 
investigation into the conditions which precede the occurrence of the 
first fit. 

The question of whether the process of epilepsy can be 
prevented or reversed at its onset is still debated (51). This 
most basic question of the mechanism of intractability is 
still not satisfactorily answered. 

Attempts to understand the basic mechanisms of epilepsy 
have depended greatly on the investigation of animal mod- 
els of epilepsy. The choice of model depends on the question 
being asked of the experiments. Several models have 
provided insights into possible mechanisms. A detailed dis- 
cussion of these models is beyond the scope of this intro- 
duction, but each model, such as the amygdala kindled 
rat (52, 53) has provided important insights, and testable 
hypotheses, about possible mechanisms that may apply to 
human epileptic processes (54). It is only with the advent of 
the techniques of investigation that have become possible 
with MR technology that some of these hypotheses can be 
tested, in vivo, in human epilepsy. 



Mechanisms of Epileptogenesis 

The question of what epilepsy is and what underlies the 
epileptic seizure is one that has been at the heart of the study 
of epilepsy from ancient times. One is always amazed when 
reading through the old, and not so very old, literature about 
some of the concepts that have been held about epilepsy 
until recent times. Even well into this century, it was 



/ Chapter 1 



i, particularly in the UK, for epilepsy to be managed 
in mental asylums. Some of this stigma of 'madness' asso- 
ciated with the presence of epilepsy still persists. Until the 
time of J. Hughlings Jackson in the late 19th century (2, 3) 
the disorder we now know as complex partial epilepsy 
(manifested as complex partial and partial seizures) was not 
considered to be true epilepsy. Partial seizures were consid- 
ered only to be 'epileptiform.' It was through the studies 
of Jackson that the epileptic nature of the partial epilepsies 
was accepted. 

In the earliest of writings, epilepsy, known as 'the sacred 
disease' was thought to be caused by possession by evil spir- 
its or gods. Treatment therefore involved the use of religious, 
occult, and magical powers. The term 'epilepsy', first coined 
in the writings of Hippocrates, is derived from the Greek word 
that means 'a taking hold of or seizing'. Even at the end 
of the 19th century it was possible for a medical practitioner 
specializing in the treatment of epilepsy (who most appro- 
priately should remain anonymous) to advocate in a lecture 
in New York that various forms of mutilation were appropri- 
ate for the treatment of epilepsy, including castration, as 
convulsions were known to originate in the testes and mas- 
turbation was known to exacerbate epileptic seizures. 
Even Gowers (at a much earlier time) considered castration 
to be an appropriate surgical treatment for epilepsy in some 
cases (50). 



A More Modern View of Epileptogenesis 

In the context of the modern discipline of neuroscience, 
this question of the mechanism of epilepsy has taken on a 
new impetus. In the most general terms it may be considered 
that neurons, in their normal functions, are characterized by 
the ability to be excited and to discharge. It is this very qual- 
ity, when the discharges occur abnormally, that is part of the 
basic process of epileptogenesis. Both normal and abnormal 
brain may generate seizures. What has become clear is that 
no single mechanism underlies all epileptiform activity (55). 
It is more likely that there are a number of mechanisms 
underlying the epilepsies. 

A further difficulty in this research is to differentiate 
between factors that cause the epilepsy in the first place 
and factors that are the consequence of the epilepsy. By 
the time the diagnosis of epilepsy is made, many events 
may have occurred that are secondary to the fact of the 
epilepsy itself (50). It is clear that epileptogenesis is a 
process that is based on normal brain tissue characteristics. 
These may have been modified, exaggerated, or released 
from normal physiological controls. It is probable that 
epileptiform activity is the consequence of normal, indeed 
necessary, aspects of normal brain tissue behavior. The most 
important normal features are excitability of neurons and 
plasticity of the cellular machinery that underlies the 
processes of learning, development, and recovery from brain 
damage. 



Basic Mechanisms of Epilepsy 

The basic mechanisms of epilepsy can be considered at 
many levels. These include: 

• molecular defects in inherited epilepsies 

• cell biology changes inside the neuron or at the cell 
membrane (especially ion channels) 

• alterations in neuronal architecture or populations 

• abnormalities in connections between proximate neurons 

• alterations in neuronal networks within the cortex or 
between cortex and subcortical structures. 

Fundamentally, as originally posited by Hughlings 
Jackson, seizures are generated from cortical gray matter. 
The only 'modern' qualification to this is that the cortical 
neurons may sometimes be misplaced as heterotopic 
gray matter. Thus, in various malformations of cortical 
development, seizures may be generated from anatomically 
subcortical structures. Second, from a physiological view- 
point epilepsy has been viewed as abnormal excitability 
of single cells ('the epileptic neuron') or as abnormalities 
of synchronization in neuronal networks. It is likely 
that there are elements of both general processes in all 
epilepsies. 

We are in an exciting state of development in the under- 
standing of epilepsies driven by recent technological 
and scientific advances. The revolution in molecular 
genetics has enabled discovery of genes underlying certain 
epilepsies, which will allow understanding of these 
epilepsies 'from the bottom up'. Rapid advances in develop- 
mental neurobiology have led to new insights into brain 
development that are crucial to understanding childhood 
epilepsies. The discovery that the adult brain can generate 
new neurons, especially in the temporal lobe, has 
fundamentally altered thinking about brain plasticity and 
epileptogenesis. 

It is not the purpose of this book to explore in detail the 
research in all of the area of epileptogenesis but rather to 
give some idea of the range and scope of this area of 
research. Some brief notes therefore are in order. 



Molecular Genetics 

All human epilepsies have a genetic component, but in 
most the inheritance is complex, with a mixture of genetic 
and acquired factors. An enlarging number of syndromes 
have been described with major gene effects (usually auto- 
somal dominant) and in some of those syndromes the 
fundamental molecular lesions are known. At the time of 
writing, all but one of the major genes discovered for human 
epilepsies code for ion channel subunits. Ion channels are 
multi-subunit complexes in cell membranes that regulate 
the flow of ions in and out of cells, or between intracellular 
compartments. They are fundamental to the mechanism of 
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action potentials and hence to normal neuronal excitability. 
These are broadly divided into ligand-gated and voltage- 
gated channels - the former alter ion specific fluxes in 
response to the binding of neurotransmitter ligands, the latter 
in response to changes in membrane voltage (56-62). 

Ligand-gated channel genes include nicotinic receptor 
subunit genes that cause autosomal dominant nocturnal 
frontal lobe epilepsy and gamma-amino butyric acid 
(GABA) A receptor subunits associated with various forms of 
generalized epilepsy. Voltage-gated channel genes include: 
potassium channel genes causing benign familial neonatal 
convulsions; sodium channel genes causing generalized 
epilepsy with febrile seizures plus severe myoclonic 
epilepsy in infancy and benign familial neonatal-infantile 
seizures; and chloride channel genes associated with gener- 
alized epilepsy. The only nonchannel gene definitively asso- 
ciated with human epilepsy to date is LGI1, mutated in 
autosomal partial epilepsy with auditory features. This gene, 
of unknown function, is possibly related to genes responsi- 
ble for brain development. 

Surprising insights from these discoveries include the 
observation that genetic abnormalities, presumably expressed 
in all cells, can cause focal epilepsies - this remains unex- 
plained. Second, mutations in the same gene can be associ- 
ated with both benign self-limiting epilepsies and severe 
progressive epileptic encephalopathies. 



Transmitter Systems 

Several transmitter systems have been intensively studied 
in regard to the problem of epileptogenesis. Prominent in 
these investigations is the hypothesis that epileptiform activ- 
ity is generated by a loss of GABA-ergic inhibition. GABA 
is the primary inhibiting neurotransmitter in cortical struc- 
tures (63). GABA inhibition is important in chronic models of 
epilepsy and in clinical epileptic conditions and has recently 
been shown to be involved in some genetic epilepsies (see 
above) (64). Molecular changes in GABA subunit composi- 
tion underlie some genetic epilepsies but alterations in subunit 
stoichiometry and receptor density may underlie epilepto- 
genesis in certain circumstances. This has been the basis of 
much research and has led to the development of several 
new antiepileptic drugs based on their ability to enhance the 
actions of GABA. 

There are, however, a large number of different GABA- 
ergic subsystems. There are at least two major forms of 
GABA receptor: the GABA A and the GABA B receptor, each 
with multiple subtypes. Binding of GABA to the GABA A 
receptor leads to opening of the chloride channel. Many 
antiepileptic drags appear to act on this receptor. For exam- 
ple, benzodiazepines bind to the GABA receptor complex 
and increase the binding efficacy of the receptor for GABA 
itself (65). It has been hypothesized that repetitive or intense 
activity in the postsynaptic target cell may decrease GABA A 
receptor efficacy. This may reduce the inhibitory influence 



of these circuits, leading to hyperexcitability. The GABA B 
receptor is linked to a potassium channel (66), and activation 
induces hyperpolarization in many cells (67). This is an impor- 
tant mechanism as virtually all neurons in the hippocampus 
use GABA as a transmitter (68-70). It is suggested that even a 
minor decrease in GABA inhibition may lead to sponta- 
neous epileptiform activity (71). 

Glutamate has long been recognized as important in fast 
excitatory synaptic transmission in the cortex and hippo- 
campus. It is clear that this is also a very complex system. 
The primary receptors appear to be divided into two groups 
according to whether they prefer N-methyl D-aspartate 
(NMDA)-type receptors or non-NMDA receptors (which are 
more sensitive to other excitatory amino acids such as 
kainate and quisqualate). NMDA function is potentially 
important, as NMDA channel antagonists can block the 
burst discharges in some models of epileptogenesis (72). In 
fact, some NMDA receptor antagonists are being studied in 
clinical trials. The mechanisms by which these antiepileptic 
s are achieved is uncertain (73, 74). 



Neuronal Circuits 

As well as these questions of basic neurotransmitters and 
receptors, it has become clear that the circuitry of the neu- 
rons may also be abnormal in patients with epilepsy (75-87). 
There is a form of reorganization, characterized by sprout- 
ing of axonal branches and terminals, that occurs as a result 
of seizures in human hippocampal tissue as well as in ani- 
mal models (88, 89). Most of these studies show concurrent 
loss of cells associated with this axonal sprouting. It has been 
suggested that the sprouting axons replace the neurons at the 
synaptic sites where cell death has removed the presynaptic 
elements. This process appears to provide cells with addi- 
tional recurrent excitatory feedback that can increase the 
excitability of the circuits. The discovery that neurogenesis 
can occur in the human brain has led to the idea that cellu- 
lar proliferation (in addition to cell loss) may be part of the 
plastic process underlying epileptogenesis. 

Cell loss is common in the epileptic brain (90) and scle- 
rosis is seen as a potential trigger for significant reorganiza- 
tion in neuronal circuits. One likely theory is that calcium 
influx to the cell, which is mediated by excitation of NMDA 
receptors, may lead to cellular destruction (91). It has been 
postulated that there is a relationship between NMDA recep- 
tor density and the regions that are susceptible to excitotoxic 
damage. 

Despite these exciting developments in the understanding 
of cellular processes, it is clear that epilepsy itself is a func- 
tion of large populations of synchronously active neurons. 
Generally, epilepsy is associated with abnormal discharges 
in gray matter structures such as the cortex and hippocam- 
pus. It is also clear that systems such as the hippocampus, 
entorhinal cortex, and piriform cortex are capable of marked 
hyperexcitable discharge without the presence of clear 
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initiating factors such as tumors or areas of dysplasia, which 
are commonly found as the basis of focal seizures in the 
cerebral cortex itself (92-95). 

The most basic question of where epileptiform activity 
begins and how it spreads remains difficult to answer at this 
theoretical level. The onset of epileptiform activity presup- 
poses that an epileptic focus must exist where the seizure 
originates. Even at this level of analysis, however, this 
concept can be challenged. It can be suggested that some 
regions (in experimental animals) that are particularly sensi- 
tive to stimulation, such as the area tempesta, may not con- 
stitute epileptic foci but rather may serve only as triggers. 
The focus itself may be another discrete group of neurons 
such as the CA1 pyramidal cell neurons in the hippocampus. 
Similarly, whatever is needed to initiate a seizure (the focus 
itself) may be widely distributed over quite a large brain 
region, including the hippocampus and entorhinal cortex. 
The epileptic focus is a concept that can be considered in 
several ways. By this, we mean that the focus may not be the 
same as the site where the EEG first appears, and even this 
may not correlate with the pathological findings. Similarly, 
the 'pacemaker' or 'generator' region of the seizure focus 
may not be synonymous with these other regions. (See 
Fig. 1 .3 below.) 



Mechanisms of Seizure Spread 

If we put aside this question of how to define a seizure 
focus for a moment, then the way in which the epileptic 
activity spreads from the focus to the other regions of the 
brain is also of importance. The dominant mechanism of 
seizure spread could be assumed to be release of excitatory 
transmitter at the terminals, which depolarizes the post- 
synaptic terminals. Similarly, accumulation of extracellular 
potassium or other substances may be responsible for 
increasing the regional excitation. It has even been suggested 
that the spread of seizures may depend on some gating mech- 
anism. In this regard the activity of the dentate gyrus has 
been suggested to be critical for the spread of seizures to 
other parts of the brain (82, 96). 

There are many methodological problems in investigat- 
ing the fundamental mechanisms of epilepsy. There are 
many types of epilepsy models, which may contribute to our 
understanding of basic mechanisms in different ways. The 
mechanisms may, of course, not be the same in each of these 
models, and it is not necessarily the aim of these studies to 
come up with a 'unified' model of epilepsy. 

In general terms, there are acute models of epilepsy and 
chronic models of epilepsy. The acute models usually 
involve systemic administration or topical application of 
convulsant substances or a sudden insult such as electrical 
stimulation or metabolic derangement. Chronic models, on 
the other hand, can be induced by permanent structural 
lesions and by repetitive electrical stimulation of the brain 
(kindling) or they can occur spontaneously in genetically 



epileptic animals. These models have been widely used for 
the assessment of new drugs in the treatment of epilepsy. 

Some of these concepts and mechanisms of epilepsy do 
not necessarily relate to the clinical distinction between par- 
tial and generalized epilepsy. In the case of the clinical prob- 
lem of epilepsy surgery, one can reduce the argument to the 
simple question of whether there is a discrete epilepsy focus to 
be removed or whether the aim of surgery is simply to interrupt 
some critical circuitry that is required to generate the hyper- 
excitability associated with seizures. A classic example of this 
latter approach would be the use of corpus callosotomy. 



The Issue of Secondary Epileptogenesis 

In animal models, secondary epileptogenesis can be 
demonstrated in the kindling model, where repeated subcon- 
vulsive electrical stimulation of the amygdala for just a few 
seconds once or twice a day can lead to the development of 
partial epilepsy in these animals (52-54, 97). There can even 
be the development of spontaneous seizures arising from the 
contralateral (nonstimulated) side. These spontaneous 
seizures may persist after stimulation is discontinued, thus 
mimicking chronic epilepsy. The evidence for this process 
occurring in humans is controversial (24). It can also be 
demonstrated in the phenomenon of the mirror focus (97), 
where a toxic or other lesion is applied focally to the cortex. 
The site of injury may give rise to a primary epileptic focus. 
If, however, the animal is observed for a prolonged period 
(days, weeks, or months) spontaneous epileptiform poten- 
tials are observed in the hemisphere contralateral to the 
primary focus. 

How these observations in animal models relate to the 
origins of human epilepsy and to the secondary effects of 
seizures seen in the human brain remains controversial. 
Morrell used the criteria of unequivocal evidence of inde- 
pendent interictal or ictal epileptiform discharges in the hemi- 
sphere contralateral to a well defined tumor to demonstrate 
the phenomenon of the mirror focus in humans. He showed an 
incidence of up to 36% of what he called 'secondary epilepto- 
genesis,' with 15% of patients having clinical attacks arising 
from this focus. While the demonstration of secondary epilep- 
togenesis in humans is indirect, many epileptologists would 
accept the possibility of secondary epileptogenesis in their 
patients. It is possible that this phenomenon is the basis of the 
well-described 'dual pathology' of hippocampal sclerosis in 
patients with a tumor or other lesion elsewhere. The alterna- 
tive view is that damage occurs bilaterally at the time of the 
original epileptogenic insult and that these bilateral findings 
simply reflect the distribution of this pathology. 



Seizure-induced Brain Damage 



Perhaps of equal interest is the secondary damage to the 
brain that has been postulated to occur secondary to the 
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e of seizures themselves (98-125). This is an enor- 
mously difficult area and has been the subject of a recent 
book in itself, so the most superficial treatment of this issue 
is the following. (See also Chapter 4.) 

It seems clear that progressive neurological deterioration 
in some patients with epilepsy occurs. This deterioration 
may relate to the occurrence of seizures or clusters of 
seizures rather than to the underlying condition in some 
individuals. Prolonged status epilepticus can give rise to 
brain damage. On the other hand, many patients who have 
many seizures continue to function at a high level all their 
lives and do not seen to show secondary damage to the 
brain. This argument is also confounded by the fact that it is 
difficult to exclude the possibility that seizures may reflect 
the presence of an underlying process that may be the 
primary cause (rather than the seizures themselves) of this 
demonstrated neurological deterioration. 

Therefore we can only conclude with some speculations 
(and opinions) - that sometimes seizures damage the brain 
but do not always do so. Furthermore, hippocampal sclero- 
sis may occur as a primary lesion that is the consequence of 
unknown insults, but hippocampal sclerosis can also arise as 
a secondary lesion (like kindling) as a consequence of 
seizures originating elsewhere. In this latter instance, even if 
the initial seizures arise elsewhere, the hippocampus may 
become the primary seizure focus later in life. It is our opin- 
ion that the noninvasive techniques of MR investigation of 
the human brain that are described in this book provide the 
means whereby these issues can be more fully addressed. 



AN IMAGING VIEW 

We think the following concepts are of value in concep- 
tualizing the type of information provided by the various 
methods of investigation. 



• epileptogenic region. 

• epileptogenic lesion. 

• pacemaker zone. 



Epileptogenic Region 



Epileptogenic Lesion 

The epileptogenic lesion is defined as the structural 
abnormality that is presumed to be the basis of the seizures. 
Most commonly the lesion is a marker for the underlying 
epilepsy and may vary from gross to subtle and from strictly 
circumscribed to more diffuse. In most cases, the lesion is 
intimately associated with the pacemaker zone and is 
included in the epileptogenic region (Fig. 1.3). Nonetheless, 
in rare cases a lesion may be present and may not have any 
epileptogenic significance; furthermore, more than one 
lesion may be present although only one of them is associ- 
ated with the epileptogenic focus. 



Pacemaker Zone 

Finally, the pacemaker zone can be defined as the locus 
of the seizures. It is difficult to define what constitutes the 
pacemaker zone. A good example is a patient with temporal 
lobe epilepsy of mesial temporal origin (Fig. 1.3D). The 
pacemaker zone is localized to the mesial temporal struc- 
tures, which are atrophic and on pathology demonstrate neu- 
ronal loss and astrocytosis. EEG abnormalities extend 
beyond the pacemaker and epileptogenic lesion. Another 
example is when the pacemaker zone and the epileptogenic 
lesion are intimately associated but the epileptogenic region 
involves the entire temporal lobe (Fig. 1 .3E). 

When other features are added to a particular problem 
such as the one described above, other questions may sur- 
face. For example, in some patients with mesial temporal 
seizures the aura consists of viscerosensory manifestations. 
Hippocampal atrophy may be present on MRI and confir- 
mation of the seizure focus in the mesial temporal region is 
achieved with EEG. Removal of the mesial structures ren- 
ders the patient free of partial complex events but s/he con- 
tinues to have the same aura. Has the pacemaker zone been 
removed or have we only disconnected some temporal lobe 
structures needed for seizure generation and propagation? 
In most cases of lesional neocortical epilepsy, we presume 
that the pacemaker zone is localized within or in close inti- 
macy to the lesion and that removal of the lesion results in 
obliteration of both elements (Fig. 1.3 A). 



The epileptogenic region is based on the assumption that 
an area of brain parenchyma is abnormal and epileptogenic. 
This region is conceptually and practically the most difficult 
to define with certainty. Methodological questions remain 
an issue in defining this region. Is the epileptogenic region 
defined by EEG, PET, semiology, or pathology? It is clear, 
however, that this region always includes the pacemaker 
zone and, in the vast majority of cases, also contains the 
epileptogenic lesion (Fig. 1.3). However, in some circum- 
stances the epileptogenic region may not include the totality 
of a lesion or may border the margins of the epileptogenic 
lesion (Fig. 1.3B, C). 



Problems of Epilepsy that Magnetic Resonance 
Techniques Must Address 

Epilepsy constitutes an important clinical problem and 
also provides an important challenge to our understanding 
of subtle forms of brain damage. It is a condition in which 
seizures are a symptom of focal or generalized brain abnor- 
mality and it is a disorder primarily of gray matter. In many 
cases a focal structural or EEG abnormality can be defined. In 
intractable cases the clinical problem requires precise defi- 
nition of normal and abnormal brain structure and function 
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- Pacemaker Zone 

- Epileptogenic 
Epileptogenic Lesion 




FIG. 1.3. A. A patient with focal seizures arising from the left middle frontal gyrus. The epileptogenic region is intimately associated with the 
epileptogenic lesion and the pacemaker zone. In this case there is complete concordance among these three areas. B. There is an epilepto- 
genic lesion localized to the left middle frontal gyrus. EEG abnormalities were recorded over a larger region of the cerebral contex that sur- 
rounds the epileptogenic lesion. The pacemaker zone appears to partially involve the epileptogenic region, which in turn is fully contained in the 
epileptogenic region. In this cases there is not complete concordance between the regions. 

Continued 



if surgical treatment of the disorder is to be considered. In 
many cases the underlying cause of the damaged or abnor- 
mal area of the brain is not known. Understanding of the 
basic neurobiology of the functional event of the seizure and 
the relationship of seizure generating neural circuits to the 
underlying brain structure is a main goal of the clinical and 
research effort. 



The problem of epilepsy necessitates understanding of 
brain structure, function, and biochemistry in normal and 
pathological states. The central problems in the understand- 
ing and management of epilepsy continue to be: 

• To determine whether the epilepsy syndrome is 
generalized (no defined site of seizure onset, i.e. onset 
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FIG. 1.3. Cont'd. C. With a similar lesion, the electrophysiological data do not include the epileptogenic lesion, and the epileptogenic region is 
only at the margin of the lesion. D. The idealized case of mesial temporal epilepsy where there is left hippocampal sclerosis and good 
concordance between the pacemaker zone and the lesion and the epileptogenic region is well localized to this area. E. In another patient 
with left temporal lobe seizures, the epileptogenic region extends well beyond the pacemaker zone and the epileptogenic lesion of hippocampal 
sclerosis. 



almost simultaneous in all or many parts of the brain) or 
partial (focal or localized seizure onset, with or without 
subsequent generalized spread). 

To understand the neurobiological basis of this distinction. 
• To define whether a structural abnormality of the brain 
exists that may give rise to the epilepsy disorder and to 
distinguish this from the secondary effects of seizures. 



• If partial, to define the location and extent of the region 
(or regions) responsible for the generation of the 
seizures, and how functional events relate to the 
underlying structural abnormality. It is clinically 
important to understand if seizures begin in a specific 
location, or are part of a more widespread epileptogenic 
circuit. Increasingly fMRI/EEG techniques seem to show 
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epileptic circuits that may be important in understanding 
seizure generation. 

• To understand which lesions are epileptogenic and what 
abnormalities of structure and function define such areas. 
What defines the tissue that, in itself, is epileptogenic, as 
opposed to that which is merely abnormal (possibly as a 
result of seizure effects)? 

• To determine the effects of seizures on the brain. Under 
what circumstances do seizures cause damage (e.g. 
cellular damage, neuronal loss, hippocampal sclerosis) 
and how much is it the disease or condition that gives 
rise to the epilepsy disorder that causes the observed 
damage/abnormality of the brain? 

• To identify important functional areas of cortex (motor, 
sensory, language, memory) that must be preserved if a 
neurosurgical procedure is to be performed for treatment 
of intractable seizures. To more broadly define what 
predicts a good outcome in terms of seizures, function, 
and psychosocial functioning. 

Noninvasive investigations contribute to the solution of 
these problems by identifying gray matter lesions such as 
hippocampal sclerosis, replacing the use of invasive methods 
used to localize the site of seizure origin, defining the nature 
and extent of the structural, functional and metabolic abnor- 
malities of the seizure focus, and determining preoperatively 
factors that influence the likely seizure and functional out- 
come from surgical treatment. Increasingly, many aspect of 
the physiology of the epilepsy condition can be studied with 
MR techniques. These dramatic new frontiers in MR tech- 
nology have been added to this volume on MR in epilepsy. 

This book attempts to either answer these questions, or to 
point toward techniques, interpretation, and potential studies 
that will allow us to do so using MR technology. MR has 
both enormous achievements and enormous potential yet to 
be harnessed for the understanding and definition of brain 
abnormalities in diseases of the brain such as epilepsy. It has 
generated an excitement that must, in days past, have been 
associated with the discovery of X-rays and the advent of 
EEG technology. 
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CHAPTER 2 



Principles of Magnetic Resonance Imaging 



Graeme D. Jackson, Ruben I. Kuzniecky and Gaby S. Pell 



INTRODUCTION 

The aim of this chapter is to provide a basic discussion 
of concepts in magnetic resonance imaging (MRI), written 
from the perspective of the nonphysicist. It does not attempt 
to describe in detail the basic phenomena of the MR experi- 
ment. There are many excellent accounts of the physics of 
MR and for this purpose we recommend several excellent 
texts listed at the end of this chapter. We have not made it 
our task to provide another version of these descriptions. 
Rather, what we have attempted to do is to discuss in simple 
terms what we see as essential concepts of MR. We hope 
that this will be an easily read chapter that will introduce the 
reader to important concepts in MR and will both provide a 
context for further reading and stimulate the desire to read 
these more basic texts. 

Here, we will introduce and discuss concepts that we feel 
are essential knowledge for those dealing with MR investi- 
gations in clinical practice. These concepts are important for 
those ordering an MR study, for those involved in carrying 
out and interpreting such studies, and for the clinician who 
eventually has to make a clinical decision based on this 
information. While not everyone on the team needs to be an 
expert, all need some basic knowledge in order for this 
powerful technology to be used appropriately, and for com- 
munication between the different members of the team to 
occur with better understanding. The power and diversity of 
MR techniques means that the clinical issues, the MR tech- 
nology, and the particular MR investigation must be inte- 
grated in order to optimize the information obtained from 
these studies. Unless the neuroimaging specialist, the physi- 
cist and the clinician all have a mutual basis for the discus- 
sion of both clinical and MR issues, and are capable of 
operating as a team, then optimal clinical examinations 



cannot be expected. Ultimately it will be the patient who 
will suffer the consequences of the failure to fully utilize this 
resource. 

Therefore, we raise issues and concepts that we feel are 
important to the understanding of the MR study from a 
clinical perspective. The aim of this chapter is to provide a 
basic knowledge for the clinical user. We trust the omissions 
and simplifications are not too great, and the perspective 
understandable. 



The Many Types of Magnetic Resonance Examination 

Magnetic resonance, unlike computed tomography (CT) 
or other imaging modalities, is a collection of techniques 
that enable many aspects of the structure, biochemistry, and 
function of the brain to be identified completely noninva- 
sively. The scanner is still the standard 'workhorse' for the 
acquisition of anatomic images. Even for this standard pro- 
cedure, there are a number of choices that have to be made 
by the operator in order to acquire the most informative 
information. It is, therefore, important when considering a 
specific pathology that the technique is 'optimized' in order 
to identify the pathologic substrate that is the subject of the 
investigation. There are many choices of imaging sequence, 
orientation, slice thickness, and imaging time, all of which 
can contribute to optimization of the imaging. This often 
needs to be defined for each pathologic entity that is to be 
investigated, and it cannot be assumed that simple or 'rou- 
tine' imaging is adequate for the acquisition of images that 
will allow the identification of all important abnormalities. 

Magnetic resonance techniques can also do more than 
noninvasively acquire pictures of slices through the brain. 
Three-dimensional data sets can be acquired, which allows 
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reformatting of the two-dimensional image in any plane and 
with any slice thickness. This is akin to the ability to refor- 
mat (or remontage) the electroencephalogram (EEG) data 
after it is acquired if it is acquired digitally. This is impor- 
tant for dealing with partial volume effects and for volume 
measurement techniques. Techniques are also available that 
can help to quantify tissue characteristics such as the T2 or 
Tl relaxation times. This requires different sequences and 
provides different information from that obtained with stan- 
dard anatomic imaging techniques. MR can also identify 
biochemical aspects of a selected region of the brain by MR 
spectroscopy (MRS) and can provide low-resolution images 
of these metabolites using chemical shift imaging (CSI). 
These techniques can be used to identify specific metabo- 
lites and their relative concentrations in specific areas of the 
brain (Chapter 13). 

Functional MRI (fMRI) takes MR technology into the 
field of imaging brain function as well as structure. The 
noninvasive nature of MR techniques and the high spatial 
resolution of MR hold great promise for the investigation 
of many aspects of brain function, both in normal states and 
in pathologic conditions. fMRI is now available on most 
clinical scanners in conjunction with the rapid imaging tech- 
nique of echo-planar imaging. Although there is much yet to 
learn about this technique and its implications, it extends the 
importance of MR into many new areas. This provides a 
practical means of achieving the dream of being able to link 
brain structure and function by noninvasive investigations in 
the same subject during the same integrated examination. 

These are the techniques that give rise to the clinical infor- 
mation that is the subject of this book. Before considering 
these techniques and their clinical applications specifically, it 
is important to discuss some general principles that apply to 
all these techniques. As we have already emphasized, the aim 
of this is to introduce concepts that we believe should be 
familiar to all who spend time using imaging techniques in the 
care of patients with epilepsy. It is not intended to provide a 
detailed explanation of basic principles or to be a substitute 
for a text in this area. 



of radiation. MR techniques do not rely on ionizing radiation 
and are not associated with exposure to any radioactivity at all. 



Some Basic Principles of Magnetic Resonance Physics 
Magnetic Properties of Atomic Nuclei 

The technique of MRI is based on the intrinsic properties of 
atomic nuclei of charge, spin, and magnetism. The magnetic 
property is especially enhanced in certain naturally occurring 
nuclei such as ! H (protons), 31 P (phosphorus), and 23 Na 
(sodium) and these are the nuclear species that are commonly 
investigated with NMR. The nuclei can be considered as tiny 
bar magnets and, when positioned in an external magnetic 
field, will align themselves along the direction of the field in 
the same way that a compass needle aligns itself with mag- 
netic north. But the nucleus differs from this simple model in 
that it possesses another intrinsic property, nuclear spin (or 
spin angular momentum), and can be considered as spinning 
continuously around the nuclear axis. The combination of 
nuclear magnetism and spin confers properties on the nuclei 
that have an analogy with a spinning top that has tipped from 
the vertical direction. In the same way that the top rotates 
around both its own axis and the vertical direction of the 
gravitational field, the nucleus rotates around both the direc- 
tion of an external magnetic field and its own axis (Fig. 2.1). 
This frequency of the precession around the magnetic field is 
characteristic of the particular nucleus and the direct linear 
relationship between frequency and the strength of the mag- 
netic field is fundamental to NMR. For example, the 
improvement of signal-to-noise ratio (SNR) in MR images 
acquired in a 3 T scanner is improved with respect to images 
acquired in a standard 1 .5 T scanner by a direct result of the 
doubling of the fundamental precession frequency that this 
relationship predicts. 

In fact, two discrete possibilities exist for the direction of 
the precession: one for the nucleus aligned along the direc- 
tion of the external magnetic field (represented in Fig. 2.1) 
and another one in the opposite direction (anti-aligned). 



Terminology 



The importance of nuclear magnetic resonance (NMR) in 
the field of neurology, and in particular in the field of 
epilepsy, can be compared to the impact on medicine that 
has followed from such major discoveries and developments 
as the X-ray and the EEG. The basic principle upon which 
all NMR experiments have been based was described by 
Block and Purcell in the mid 1940s. That is, if certain nuclei 
are placed in a magnetic field, they are able to 'absorb' 
energy in a specific radio frequency range, and signal can 
be recorded as a result of this energy exchange as these 
nuclei return to their original state. This phenomenon is the 
basic principle of NMR. In recent years, the word 'nuclear' 
has been dropped because of its association with the concept 



FIG. 2.1. A nucleus in the presence of an external magnetic field, B 0 . 
As a consequence of the intrinsic properties of spin and magnetism, 
it will also rotate around not only its own axis but also the axis of the 
external magnetic field. This is known as precession. 
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As expected, the former state of alignment is preferred and 
the majority of nuclei in a large 'ensemble' or collection of 
nuclei will assume this state (low energy). However, a cer- 
tain proportion of the nuclei will be anti-aligned (high 
energy) and it is this population difference that underlies the 
phenomenon of NMR. In the presence of a pulse of electro- 
magnetic waves whose energy corresponds to the difference 
between these two states, the energy from these waves will 
be absorbed by the system - a process of resonance (hence 
nuclear magnetic 'resonance') - and the populations of 
spins in the two states will be equalized. The frequency 
region of the electromagnetic spectrum (in the order of tens 
of megahertz) that is suitable for this purpose is known as 
radiofrequency (RF). 

This perturbed state is temporary and, once the applica- 
tion of the electromagnetic waves is terminated, the nuclei 
will return to the initial state. The energy previously 
absorbed by the system will hence be returned in the form of 
a signal that can be detected by a suitably placed receiver 
coil. By imposing conditions on the system using magnetic 
field gradients (see later), this signal will reflect not only the 
nuclear species from which it originated but also its spatial 
location. A spatially encoded map of these signals - an MR 
image - can thereby be formed. The nucleus of the hydrogen 
atom ('H) - the proton - is especially suitable for this tech- 
nique and since water (H 2 0) forms more than 80% of the 
human body, imaging with 'proton MRF has revolutionized 
the clinical imaging of soft tissue. 

For a more detailed discussion of the principles of 
physics that give rise to the MR signal, and how this is then 
manipulated to create an image, refer to one of the texts 
listed at the end of this chapter. 



The Energy Used in Magnetic Resonance and Its 
Biological Effects 

The energy which is used in the process by which the MR 
image is acquired is not known to cause any harmful bio- 
logic effects. As compared to both X-rays (as in CT) and 
radioisotopes (as in positron-emission tomography, PET, 
and single-photon-emission CT, SPECT), the energy used in 
MR imaging is nine orders of magnitude (1,000,000,000 
times) less than the energy of X-rays and radioisotopes. It 
is known to be largely the high energy of the radiation (in 
X-rays) that causes biologic damage to cells (particularly 
their DNA), and therefore, even from first principles, the 
extremely low energy of the radiofrequency electromagnetic 
radiation employed in MR studies (when compared to X-rays) 
is far less likely to cause significant biologic damage. 



X-ray images stem from the interaction between the X-rays 
themselves and the electron cloud of the atoms. This is 
a 'diffraction technique' and the resolution that can be 
obtained is therefore related to the wavelength of the radia- 
tion (X-rays are high-frequency electromagnetic radiation 
with high energy). If MR were to use this principle, then the 
wavelength is so long (low-frequency and low-energy elec- 
tromagnetic radiation) that the smallest object that could be 
seen using radiofrequency diffraction (at these energy levels) 
would be of the order of meters in size. In contrast to this, the 
NMR is a 'resonance technique' and stems from intrinsic 
properties of the nucleus described in the previous section. 



Magnetic Resonance Signal and Spectroscopy 

It should be understood that the standard MR image 
derives from the relatively strong signal that comes from 
hydrogen protons ( ! H). This is simply because this signal is 
so strong that we can generate good SNR, and good spatial 
resolution as a result of this. MR signal can also arise from 
other nuclei; in particular 13 C, 19 F, 23 Na, and 31 P, which are 
currently used principally in research studies. These nuclei 
produce smaller signals as the result of a combination of the 
naturally occurring proportions of these nuclei in the body 
and the lower intrinsic NMR sensitivity of these species. 
While these so-called multinuclear studies suffer from rela- 
tively low levels of SNR and resolution, they can provide 
important information about biochemical and metabolic 
processes. 

The technique classification of MRS describes the moni- 
toring of these nuclei with NMR. It represents a simplified 
form of imaging without spatial encoding in which the 
intensity of the NMR signal is examined as a function of 
spectral frequency (see paragraphs below). It has become 
increasingly common to combine spectroscopy with methods 
of spatial localization in order to generate spatially encoded 
metabolite information and even low-resolution images. 
Common techniques for spatial localization are known as 
chemical shift imaging (CSI), point-resolved spectroscopy 
(PRESS), and image selected in vivo spectroscopy (ISIS). 

The frequency of the energy that is absorbed by the 
'visible' atomic nuclei (those with magnetic properties) when 
they are placed in a magnetic field depends on many factors 
such as the exact type of nucleus, the field strength of the 
external magnetic field, and the physical and chemical envi- 
ronment that the nucleus finds itself in. It is this latter property 
- the fact that the physical-chemical environment of the 
nucleus affects the frequency of the MR signal - that is so 
important for MR spectroscopy studies. 



X-Rays Compared to Magnetic Resonance 



It is worth keeping in mind that the basic principle 
of X-rays and NMR signals are fundamentally different. 



The effects of the local environment of the molecule acts 
to alter the effect of the applied magnetic field at the nucleus 
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of interest. Specifically, the applied magnetic field acts to 
induce currents in the electron clouds about the nucleus, which 
in turn causes an opposing magnetic field. The magnetic field 
felt at the nucleus is then the difference of the applied magnetic 
field and the field generated by the electrons. For example, the 
hydrogen nucleus absorbs and transmits energy at different 
frequencies depending on the environment in which the 
nucleus finds itself. This phenomenon is known as 'chemical 
shift'. The resonant frequency of protons in water is, there- 
fore, slightly different from the frequency of hydrogen 
nuclei in a different chemical environment. For example, a 
molecule of ethanol (at low resolution) displays a >H spec- 
trum consisting of three resonances rising from the each of 
the three types of 'H nucleus (Fig. 2.2). The relative posi- 
tions of these resonances are invariant with field strength, 
such that resonances are reported in terms of their chemical 
shift in units of units of 10~ 6 (ppm, parts per million) of the 
applied field strength. 

The chemical shift of the nucleus of interest, therefore, pro- 
vides biochemical information about its environment. A typi- 
cal proton spectrum is shown in Fig. 2.3A. A chemical shift is 
seen in hydrogen nuclei from protons in fat, in metabolites 
such as choline, creatine, iV-acetyl-aspartate (NAA), and also 
from those in glutamate, lactate, and other substances. This 
provides the basis for the identification of these substances in 
living tissue. In a similar manner, a phosphorus spectrum pro- 
vides information about important phosphorus-containing 
metabolites such as adenosine triphosphate (ATP) and phos- 
phoesters (Fig. 2.3B). Clinically relevant information is 
mostly obtained from this region of the proton spectrum. 



Signal Strength of Brain Metabolites 

In proton MRS, the maximum strength of the signal we 
can detect depends on the concentration of the chemical in 
which the hydrogen nucleus is located. The signals from 
metabolites such as NAA (arising from the 'H nucleus but 
with a different frequency from the water signal because of 
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FIG. 2.2. Schematic of the spectrum of ethanol at low resolution. 



B 

FIG. 2.3. A. Proton spectrum of the human frontal lobe at 3T, show- 
ing multiple peaks from Cr (creatine and phosphocreatine) and peaks 
from NAA (/V-acetyl aspartate), Cho (choline and choline-containing 
compounds), and myoinositol (ml). The dark line is the fitted spectrum 
using a basis set acquired on the system and applied by LC Model. 
The residual of the fit is listed in the upper panel. B. Phosphorus 
spectrum from the human brain at 3 T showing three peaks from ATP 
(adenosine triphosphate), PCr (phosphocreatine), PDE (phosphodi- 
esters), Pi (inorganic phosphate), and PME (phosphomonoesters). 



its different chemical environment) are about 1/10000 the 
intensity of the water signal in the proton spectra. The pres- 
ence of a large water signal is essential for imaging brain 
anatomy but is a major problem for proton spectroscopy 
as the water signal tends to 'drown out' these smaller sig- 
nals. Therefore, to see these signals one needs to reduce the 
intensity of the water signal by special techniques ('water 
suppression') in order to be able to concentrate on this 
region of the spectrum, which is composed of signals of 
such low intensity. Similarly, the signal from the relatively 
concentrated extracranial fat component is usually unwanted 
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and can interfere with the spatial localization imposed by 
more complicated MRS techniques such as CSI ('chemical 
shift artifact'). Various methods of 'spectral editing' can be 
used to eliminate this extracranial lipid component. 



The Three Magnetic Fields Used in MR Studies 

There are three separate magnetic fields generated by 
different equipment in an MR system, all of which are 
important for the generation and interpretation of signals 
that are used in clinical studies. Inside the main magnetic 
field (generated by the superconducting magnet) are con- 
tained two distinct electromagnet systems, which supply 
additional magnetic fields. The magnetic field gradient set 
that is used in the standard method of spatial localization 
with standard MR imaging is located between the main 
magnet and the bore of the magnet (covered by the plastic 
finish that is seen when looking into the bore). Another 
system (the RF coil) is physically located within the main 
magnet bore and is usually in close association with the part 
of the body that is to be imaged. This is the component that 
we can see attached to the patient during an imaging study. 



The Main Magnetic Field 

The strongest magnetic field, denoted B 0 , therefore usually 
referred to in magnetic resonance as the main magnetic field 
or simply as 'the magnet', is measured in teslas (standard 
units of magnetic field strength). There are several designs 
of magnet, but at higher field strengths (>0.5T) the main 
magnetic field is usually created by superconducting electro- 
magnets which require cooling with liquid helium. Therefore, 
1.5 T refers to a system in which the main magnet generates a 
homogeneous magnetic field of this strength within the bore 
of the magnet. It is essential that this main magnetic field is as 
homogeneous as possible within the area in which MR stud- 
ies are performed, as small variations in the magnetic field (by 
the field gradients and the RF coil) are used to encode infor- 
mation such as spatial position. For this reason inhomo- 
geneities caused by, for example, metal will distort the 
homogeneous field and will grossly interfere with image 
quality. In fact, the degree of field inhomogeneity is required 
to be better than 100 ppm within the region of interest for 
imaging and considerably better for useful spectroscopic 
investigations. In order to improve the field characteristics, 
magnet systems are delivered with shim coils, which act as a 
direct means to improve the degree of homogeneity. 



The Magnetic Field Gradients 

Magnetic field gradients modify the main magnetic field 
so that the magnetic field varies with spatial position in a 
linear manner within the magnet bore. They are commonly 



denoted G x , G y , and G z to describe physical gradients in the 
three principal directions. These extra magnetic fields are 
generated by a set of three gradient coils that are placed 
within the magnet bore. As a consequence of these gradients, 
the same nuclei at different positions along the gradient 
direction will experience a slightly different total magnetic 
field, and therefore precess with a slightly different frequency. 
Since this distribution of precessional frequencies is 
imposed on the system and is therefore known, it can be 
used to allocate spatial information to the signal generated 
with the result that an image can be reconstructed. 



The Radiofrequency Pulse 

As previously described, signal formation in NMR is a 
consequence of the transmission of a short-lasting RF pulse 
to the spin system at a frequency close to the energy differ- 
ence between the two energy states that the nuclei can 
exhibit (this process is known as excitation). It can be shown 
that this corresponds to a pulse of oscillating magnetic field 
that is itself precessing at the fundamental precessional 
frequency of the nucleus in question. This magnetic field, 
denoted the B] field, is generated by yet another system 
within the bore of the magnet that is generally known as the 
RF coil. The direction of this RF pulse needs to be perpen- 
dicular to the main magnetic field for the energy to be 
efficiently absorbed. It is this oscillating field that excites 
the nuclei and results in the generation of a signal. The same 
coil is usually used to detect the resulting NMR signal after 
the excitation stage has been terminated. The coil is then 
known a combined 'transmitter-receiver' coil. 



Pulse Sequences 

The main magnetic field is static and does not change. The 
other two magnetic fields can be switched on or off. 
A pulse sequence is a combination, or sequence, of radio- 
frequency and gradient pulses that are used to affect the tissue 
magnetization in specific ways in order to generate a signal 
that can then be analyzed to create an image (or a spectrum). 
Specific pulse sequences have particular properties that can 
be used to generate different contrast (for example Tl and T2 
weighting). Some typical sequences will be discussed shortly. 

Many pulse sequences use so-called 90° or 180° RF 
pulses or combinations of these, and it is helpful to under- 
stand what these are. As previously described, when a 
sample is placed in an external magnetic field, the nuclei in 
the sample are either aligned or anti-aligned with the main 
field, with an excess of nuclei in the former state. This cre- 
ates a net magnetic 'vector' - also known as net 'magnetiza- 
tion' - which is effectively the sum effect of the large group 
of nuclei (or 'spins') in the sample. The vector is aligned 
with the direction of the main field (conventionally called 
the longitudinal or ^-direction). The RF pulse is applied in a 
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direction that is perpendicular to this direction (the xy-plane, 
known also as the 'transverse plane') and induces a rotation 
of this net magnetic vector around the direction of the RF 
magnetic field. The degree of rotation induced by this pulse 
can be shown to be proportional to the duration and the 
amplitude of the RF pulse. A 90° pulse therefore describes 
an RF pulse that rotates the net magnetization vector by this 
amount. The vector is thereby rotated into the transverse, 
xy-plane where a signal can be detected by the receiver coil. 
It should be noted that signals cannot be detected in the 
longitudinal plane. A 180° pulse will be twice as strong 
and can be used to either invert the magnetization in the 
z-direction or to reverse the direction of the magnetization 
when it is already in the xy-plane (see spin echo imaging). 
These manipulations are crucial to obtaining MR signals. 
The strength of the RF pulses have to be calibrated at the 
beginning of each study. Manipulation of the magnetic field 
in this way is essential for all aspects of imaging and for 
generating tissue contrast. 



THE MAGNETIC RESONANCE IMAGE 

There are a large number of techniques that can be used to 
generate an MR image and for the optimization of contrast, 
which will allow pathologic areas of the brain to be identi- 
fied. The general principle is that if the lesion is not seen on 
a particular MR study it does not mean that it cannot be 
seen using other MR techniques. 

There are a large number of operator-dependent choices 
that will determine the sensitivity of the MR technique, and as 
a consequence the clinical MR examination has to be planned 
according to what information is most important to identify. 
What is seen in the MR image depends on factors such as the 
SNR, the contrast between different tissues, the amount of par- 
tial voluming within the sample, the slice thickness, and the 
spatial resolution of the image. As these things often are 
related in such a way that improving one of them worsens 
another, it is important to understand something of these rela- 
tionships in order to be able to 'optimize' the MR examination. 



BOX 2.1 The Ideal MR Sequence Should Have 



■ High signal-to-noise ratio 
> High spatial resolution 

■ Thin slices or three-dimensional data sets 

■ High contrast between normal tissues 

■ High contrast between pathologic and norm 
' No artifacts (e.g. motion, partial volume) 

* Shon acquisition time 

■ Quiet pulse sequences 



The Ideal Imaging Sequence 



considering these problems is to provide the minimum prac- 
tical guidance as to what factors may be important (and we 
think need to be known by all who have an interest in MR 
imaging) in the acquisition of useful MR images. Again this 
section is intended to provide an overview of important 
issues rather than being a substitute for a basic text on MR 
imaging. 

It will quickly become clear that, as in life, we cannot 
have everything all the time and that compromises must be 
made. This introduces the concept of optimizing the images 
that are acquired in order to solve the clinical problem that 
we are faced with. It is of no use to have a technically 
impressive method of image acquisition, or a short imaging 
time, if the information these images provide do not allow 
the appropriate clinical diagnosis. 

What optimization means may differ among the different 
specialists dealing with imaging. To the neurologist, opti- 
mization may mean making the diagnosis with the greatest 
sensitivity and specificity possible regardless of imaging 
time while, to the busy neuroimaging service, optimization 
may mean producing images that allow the diagnosis with 
the greatest sensitivity and specificity within a specified 
examination time. Similarly, the production of beautiful- 
appearing images may be of no value if there is no contrast 
between the pathologic region and normal tissue. For this 
reason, among many others, it has become essential for neu- 
rologists, neuroradiologists, and physicists to work together, 
all with a basic understanding of the types of compromise 
that are being made in the imaging so that the optimized 
diagnostic studies are performed. This is essential both in 
clinical practice and in clinical research. 



For maximum image quality, we would like to have good 
SNR, high resolution, good contrast between the different 
tissues we want to visualize, no artifacts such as partial vol- 
ume or motion, and we would also like the time to acquire 
the images to be as short as possible. We have listed some of 
these properties in Box 2. 1 . 



The Concept of 'Optimization' 



In the following section we will deal briefly with each of 
these issues. It should be emphasized here that our aim in 



Signal-to-Noise-Ratio 

The SNR reflects the amount of meaningful signal 
(which will make up the image) that is detected compared to 
the amount of random signal (or noise) that is also detected 
(which does not reflect meaningful information). If the 
magnitude of the random signal is too high with respect to 
the magnitude of the meaningful signal then it may be 
impossible to construct an image of sufficient diagnostic 
quality. 

In MRI, for a given pulse sequence and for given pulse 
parameters, the SNR is directly proportional to two main 
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factors - the voxel size and the square root of the number of 
data acquisitions. The voxel is the element of three-dimen- 
sional space whose volume is given by the product of the 
slice thickness and the in-plane resolution. The in-plane res- 
olution is, in turn, determined by the field-of-view (FOV) 
and the matrix size in the x- and _y-directions of 'frequency 
encoding' and 'phase encoding' respectively. A single acqui- 
sition is the acquisition of one complete data set (all phase 
encode steps) and takes a fixed amount of time depending 
on the acquisition parameters specified. If, for example, we 
acquire this information four times, the signal will be four 
times as great but, as the noise does not add coherently, it 
will be only twice as big (noise increases by the square root 
of n (SYMBOL)) resulting in a SNR which is twice as great. 



SNR °c slice thickness • 



(NEX) • (FOV) 2 
(N x • N v ) 



where NEX = the number of times the slice is acquired 
(all phase steps repeated), FOV = the field of view, N y = the 
number of phase encoding steps, and N x = the number of 
frequency encoding steps. 

It should be noted that this acquisition does not take into 
account the imaging time, and other texts should be consulted 
for a more detailed explanation of the complex interactions 
of pulse parameters on the SNR. 

It can be seen from the equation that certain tradeoffs 
between certain desired aspects of the scanning procedure 
have to be made. For example, thinner slices improve the 
signal resolution in the through-slice direction but will have 
a lower SNR and in routine imaging a compromise is made 
between slice thickness and the number of acquisitions. 
Similarly, improvements in the in-plane resolution are at the 
expense of a decreased SNR. Note also that there is a pro- 
portionally increased effect of slice thickness that cannot be 
easily regained by increasing the number of times the image 
is acquired. For example, to acquire an image with the same 
SNR and with half the slice thickness, the number of acqui- 
sitions of the slice would have to be increased by a factor of 
four (effectively quadrupling the acquisition time). 

In this way, SNR competes with in-plane spatial resolu- 
tion, slice thickness, and acquisition time. As an alternative 
way of viewing this interaction, a high level of SNR in a 
voxel can be viewed as money in the bank. We can decide 
how to spend it; we can choose to buy increased spatial res- 
olution, thinner slices, or shorter imaging time. Each of 
these has a different value. Unfortunately, as in the real 
world, the money eventually runs out and we have to make 
some choices as to what we really want. The choice is made 
even harder because NEX and FOV do not seem to play fair; 
we have to spend a lot of SNR to gain a little improvement 
in resolution (meaning that they are expensive), and we do 
not really gain as much extra SNR as we would expect by 
increasing the time taken for the image acquisition. In this 
way we have to optimize the imaging parameters to acquire 
the information we need. Obtaining the clinical information 



that is required depends on the particular optimization for 
the things that are wanted. Is it in-plane spatial resolution, 
slice thickness, contrast, SNR, or imaging time? These deci- 
sions must be made by consultation between all members of 
the team. 



In-plane Spatial Resolution 

The in-plane spatial resolution is determined by the 
matrix size and the size of the FOV; that is how many vox- 
els we divide the area we are imaging into. A typical matrix 
in clinical practice is 256 x 256, which means that the whole 
image is divided, in two dimensions, into an array of this 
many compartments or picture elements (pixels). The actual 
size of the pixels will depend on the FOV. If we know the 
third dimension of the slice thickness as well we can deter- 
mine the voxel volume, i.e. the volume of tissue from which 
the signal in each element arises. As discussed in the previ- 
ous paragraphs, improved resolution is at the expense of 
SNR. The voxel size is therefore determined by the tradeoff. 



Zero Filling 

An alternative matrix, such as a 256 x 128 matrix, gives 
pixels that are not square. In this case, there are 256 samples 
of the echo in the x-direction (frequency encoding) and 128 
steps in the y-direction (phase encoding). As will be discussed 
shortly, for standard imaging the total acquisition time is 
directly proportional to the number of the phase-encoding 
steps (and not the frequency-encoding steps) and the time 
taken to acquire each one of them (the repetition time, TR). 

With the acquisition of these rectangular pixels, the reso- 
lution in the phase encoding direction is halved with respect 
to the 256 x 256 acquisition but the acquisition time is also 
halved. In fact, the image reconstruction of such a matrix 
can be manipulated to produce a square 256 x 256 matrix 
by use of the process known as zero-filling. Nevertheless, 
the 'true' resolution in the phase-encoding direction is 
unchanged by this process. The consequence of this acquisi- 
tion scheme is an improvement of the SNR by a factor 
of 2 x V2, with contributions from the differing resolution 
(x2) and acquisition time (V2). 



Asymmetric Field of View 

Another alternative for scan time reduction is the acqui- 
sition of an asymmetric field of view. The same size of pixel 
is acquired but over a zoomed FOV in the y-direction. The 
spatial resolution is unchanged relative to the square 256 x 
256 scan and the acquisition time is reduced. Care must be 
taken, however, that the FOV in the y-direction is sufficient 
to contain the extent of the sample in that direction so that 
image artifacts do not arise. 
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Slice Thickness 

The slice thickness determines the through-plane resolu- 
tion. The relationship of slice thickness and SNR has already 
been discussed. Another important issue when deciding on 
the optimal in-plane and though-plane resolution is that of 
partial voluming. This is the 'mixing' of signals from differ- 
ent tissue types within the same voxel, which leads to a blur- 
ring of the signal intensities. The smaller the voxel size, the 
better will be the suppression of partial volume effects. 
However, this will be at the cost of acquisition time. 



Problems of Movement 

Motion is a major problem in standard MRI pulse 
sequences such as the spin echo, in which the image is 
acquired one phase-encoding step at a time rather than in a 
single shot. This can be considered to be analogous to 
acquiring a photographic image at low light intensity. If the 
shutter of the camera is left open for several minutes, the 
effects of motion can be considerable (we have all taken that 
photograph in dim light that was ruined by motion effects). 
The effect is significant in the MR image not just because of 
gross head movements but also because of pulsations from 
blood vessels, eye movement, and respiration, which is 
intrinsic to the biologic system being imaged. This causes 
image ghosting, but in MRI this blurring due to motion 
effects occurs only in the phase-encode direction (because of 
the way the image is acquired). 



Imaging Time 

We will discuss the factors that give contrast in normal 
scans (e.g. Tl -weighted, and T2-weighted contrast) shortly. 
Here we will consider how repetition time affects the time 
taken to acquire the scan as well as the issues of SNR ratio 
and spatial resolution. 

For standard acquisition methods such as spin echo, the 
time taken to acquire an image is proportional to the number 
of phase-encode steps multiplied by the time taken to acquire 
each of these phase-encode steps. This duration between one 
phase-encode step and the next is known as the repetition 
time, or TR. It would seem that short TR sequences would 
give shorter imaging time without losing SNR or spatial 
resolution. But the TR can be critical for the generation of 
tissue contrast. It is usually of no use to acquire an image that 
does not have any contrast between gray and white matter, 
even if there is strong signal from both of them. Some 
sequences can use short TR methods to generate contrast, 
and in some it is essential for the generation of contrast that 
the tissue magnetization 'relaxes' between excitations (see 
below). Therefore shortening the TR of a sequence to reduce 
imaging time needs to be considered carefully. 



Contrast 

The aim of clinical imaging is to distinguish the struc- 
tures of the object with such sharpness and accuracy that 
there is no doubt as to the visualization of the object in the 
image. A high degree of contrast is therefore a necessity for 
efficacious imaging. The contrast in MRI is a direct conse- 
quence of the relative signal intensities from different tissue 
types. The aim will always still be to obtain the optimal SNR 
and therefore, for example, moving to a higher field strength 
should improve the contrast. The magnetic field strength is 
an example of an 'extrinsic' contrast parameter and other 
such parameters determined by the pulse sequence para- 
meters have been discussed in previous sections. The relative 
levels of signal intensity also depend on several 'intrinsic' 
factors. The common, and possibly the most important, ones 
from a medical imaging viewpoint are proton density 
contrast and contrast as a result of the NMR relaxation time, 
T2 and Tl . The other intrinsic components of the signal that 
can generate contrast include T2* contrast, diffusion contrast, 
chemical shift, perfusion contrast, temperature, and bulk 
flow. 



Proton Density Contrast 

There is a simple principle that the amount of signal in a 
given voxel will be dependent on the number of protons in 
that voxel that can give signals. Therefore if the tissues have 
differing proton densities, there will be contrast generated 
between them. In the brain, the principal tissue types have 
similar proton density - gray matter/white matter contrast in 
proton-density-weighted images is poor. 



Relaxation Times 

The equilibrium state of the spin system corresponds to 
an initial magnetization vector that is aligned along the 
z-direction. As previously described, subsequent to say, a 
90° RF pulse, the net magnetization arising from the spins 
would precess indefinitely in the transverse plane. This is 
not a practical reality and the relaxation times describe the 
return of the spin system to the equilibrium state. 



77 Relaxation Time 

The Tl relaxation time is also known as the spin lattice 
relaxation time or the longitudinal relaxation time. Tl 
describes the recovery of the magnetization vector to the 
z-direction. It is governed by exchanges of energy at a 
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particular range of frequencies between the relaxing spin 
and the surrounding 'lattice.' In fact, the Tl time is given by 
the time required for the system to recover to 63% of its 
equilibrium value. For any given nucleus, the Tl depends on 
the following parameters: 

• the type of the nucleus 

• the resonant frequency (i.e. related to the field 
strength) 

• the temperature 

• the microviscosity, or the mobility of the observed 
spin 

• the presence of large molecules in the immediate 
vicinity 

• the presence of paramagnetic ions and molecules in the 
vicinity. 

In practical purposes, the length of Tl governs the rate at 
which the sample can be excited. A longer Tl requires that 
excitation of the sample be at a slower rate so as to allow 
sufficient magnetization to recover along the longitudinal 
axis prior to each RF pulse. Differences in Tls of the water 
resonances from various tissues forms the basis of many 
imaging sequences to discriminate cerebrospinal fluid water 
(long Tl) from gray matter (shorter Tl) and white matter 
(shortest Tl). 



T2 Relaxation Time 

The T2 relaxation time is also known as the spin-spin 
relaxation time or the transverse relaxation. This relaxation 
time describes the loss of 'phase' in the transverse plane. 
When the spins are first placed in the transverse plane by an 
RF pulse, they will all be rotating around the z-direction in 
phase with each other. However, this state does not persist, 
as a result of intrinsic effects (T2) and magnetic field inhomo- 
geneities (T2') such that the nuclei in different locations 
and states begin to precess at a slightly faster or slower rate. 
This leads to a loss of phase (or 'coherence') that is 
described by the T2 relaxation times. It should be noted that 
this process occurs independently of Tl relaxation. T2* 
describes the combined effects of T2 and T2' sources of 
transverse signal dephasing. A spin echo is commonly used 
to provide T2 contrast while a gradient echo image displays 
T2* contrast. 

The T2 relaxation time is dependent on the following 
parameters: 

• the observation frequency (field strength, although this is 
much less crucial than for Tl) 

• the temperature 

• the mobility of the observed spin (microviscosity) 

• the presence of large molecules, paramagnetic ions and 
molecules. 



PULSE SEQUENCES 

Types of Sequence 

The main pulse sequence types can be divided into two 
classifications - spin echo and gradient echo. The main 
sequence types are therefore: 

• spin echo, e.g. SE, FSE 

• inversion recovery 

• gradient echo, e.g. FLASH, GRASS 

• other sequences, e.g. EPI, SENSE, SMASH. 

There are many acronyms for specific pulse sequences 
which can usually be better understood if they can be related 
to one of these main types. 



Spin-echo Sequence 

A spin echo is produced by a combination of a 90° and a 
180° pulse. These pulses are known as the excitation and 
refocusing pulses respectively. After the initial application 
of the 90° pulse, the net magnetization is placed in the trans- 
verse plane. Tl relaxation subsequently induces the return 
of the magnetization to the main field direction. Similarly, 
T2 and T2* induce a loss of coherence (dephasing) in the 
transverse plane. The magnetization vector therefore 
appears to fan out in the xy-plane. In order to rephase these 
spins and thereby produce a secondary signal, a 180° pulse 
is applied at a time TE/2 after the 90°, where TE is known 
as the echo time. This pulse refocuses the transverse mag- 
netization, producing a 'rephased' signal, known as a 'spin 
echo', centered on a time TE after the 90° pulse. Field inho- 
mogeneities are rephased by the refocusing pulse and the 
echo signal is a reflection of T2 relaxation from the initial 
excitation (as described above, T2* is a combination of T2 
and T2' effects). The pulse sequence repeats after a time TR 
time, during which time the magnetization can recover by 
Tl relaxation. 

By manipulating the echo time (or TE) by altering the 
timing of the 180° pulse with respect to the 90° pulse, dif- 
ferences in tissue signal as a result of T2 contrast are 
obtained (this is T2- weighting). Lengthened TE times pro- 
vides increasingly improved T2-weighting but this is at the 
cost of decreased signal which is decaying according to T2. 
The TR time is also important in the contrast provided by 
the spin-echo sequence. For full recovery of the magnetiza- 
tion to the equilibrium z-direction, the TR has to be long 
(approximately five times the Tl of the tissue). With 
repeated 90° pulses, the initial signal size we see in the 
xy-plane will be dependent on the amount of magnetization 
that has recovered back to the z-direction during the previ- 
ous TR period (dependent on the Tl relaxation time). This 
introduces Tl contrast into short TR spin-echo sequences, 
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which can provide useful contrast. Since Tl- and T2- 
weighting provide opposite contrast in spin-echo imaging, 
the T2-weighting is usually minimized in this case with use 
of a short TE. 

A rapid implementation of the standard spin-echo 
sequence is known alternatively as fast spin echo (FSE), 
turbo spin echo (TSE), or rapid acquisition with relaxation 
enhancement (RARE). The sequence makes use of multiple 
180° pulses (i.e. 90°-180°-180°- ...) to refocus the magne- 
tization on more than one occasion in each pass. The princi- 
ple of this sequence is that a multiple-echo sequence can 
contribute more than one phase-encode line to an image dur- 
ing each TR period. The acquisition time is reduced by a 
factor corresponding to the number of refocusing pulses. 
Disadvantages are increased RF absorption (specific absorp- 
tion rate, SAR) and modified T2-contrast effects. 



Inversion Recovery 

An early method of acquiring Tl -weighted images was 
using an inversion recovery sequence (IR). This is essen- 
tially a spin-echo technique with a preceding 180° pulse 
which can be thought of inverting the magnetization from 
initial alignment with the z-direction (+z) to anti-alignment 
(-z). The subsequent recovery of the magnetization to the 
+z direction is governed by Tl relaxation so the image will 
have a very flexible degree of Tl -weighting. 

Image acquisition was commonly achieved with a spin- 
echo module; however, the sequence was long, and multiple 
slice acquisition was complicated. Inversion recovery is now 
usually implemented with rapid imaging techniques such as 
echo planar imaging. 



Gradient-echo Sequences 

As an alternative method of spin rephasing after an initial 
90° pulse to the spin echo, the gradient-echo sequence 
employs a changing gradient rather than an additional RF 
pulse. A dephasing gradient pulse -G is instead applied 
along the frequency {x) direction, which is followed by a 
rephasing gradient +G of the opposite polarity. Reversing 
the sign of the gradient reverses the direction of the preces- 
sion of the spins in the Jty-plane. Therefore, the spins begin 
to rephase and an echo known as a gradient echo forms at a 
time TE after the 90° pulse. The gradient echo forms when 
the phase of all the spins in the excited slice becomes zero. 
By way of contrast with spin echoes, gradient echoes do 
not refocus the effects of static field inhomogeneities (T2') 
and the signal is therefore T2*-weighted. The advantage of 
the gradient-echo method is the possibility of manipulating 
the amount of signal that recovers to the z-direction before 
each repeated phase-encoding step by a combination of 
reduced TR and RF flip angles (<90°). Imaging times can 
thereby be substantially reduced. Many variants of the rapid 



gradient-echo sequence have been developed with names 
such as FLASH, GRASS, and FSIP. Differing degrees of 
contrast can be obtained with modified treatment of remain- 
ing transverse magnetization between steps and also by 
including a preparation period with, for example, a prior 
inversion pulse, to generate enhanced Tl -weighting. 



Echo Planar Imaging Sequence 

Echo planar imaging (EPI) is the fastest imaging 
sequence currently available and has the potential to revolu- 
tionize many aspects of MR technology. It is a rapid MRI 
technique that is capable of producing tomographic images 
at video rates. It is a single-shot method and imaging times 
are in the order of 100 ms for a 128 x 128 matrix. An initial 
90° (gradient-echo EPI) or 90°-180° (spin-echo EPI) com- 
bination of pulses tips the magnetization into the transverse 
plane. A rapid switching of a strong gradient then form a 
series of gradient echoes, each with a different degree of 
phase encoding. This means that an entire image can be 
acquired in a single excitation rather than one, or only a few, 
during each excitation of the slice. 

The echo planar technique depends on specialized equip- 
ment, including strong gradient fields that are capable of 
rapid switching. This creates technical demands but the 
equipment is now fairly standard on clinical MR scanners. 
With the increasing use of fMRI in clinical studies in which 
the speed of acquisition is crucial, this technique has 
become increasingly used in the clinical domain. The rate of 
change of the magnetic field during gradient changes is such 
that induced current can be caused in biologic material 
(therefore stimulation). Although this was considered to 
be a potential danger in the initial stages of using this 
technique, it does not seem to have been a major problem 
as it is below the threshold for causing biologic damage. 
The sequence suffers from an increased sensitivity to signal 
loss from sources of susceptibility differences in the 
sample. 



Functional Magnetic Resonance Imaging 

The most important application appears to be in the area 
of fMRI of the brain. During brain activity there is a rapid 
momentary increase in the blood flow to the specific areas 
in the brain. The increase in circulation effectively provides 
an increase in oxygen, which is paramagnetic and which 
affects relaxation times of the local brain tissues. The differ- 
ence in these relaxation times relative to surrounding tissues 
causes a contrast between the tissues. More specifically, 
deoxyhemoglobin and oxyhemoglobin are chemically dif- 
ferent. Deoxyhemoglobin has an unpaired electron and is 
therefore paramagnetic while oxyhemoglobin is not. 
Paramagnetic substances cause a disturbance in the local 
magnetic field and cause loss of signal due to an increased 
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rate of dephasing. This is predominantly a T2* effect since it 
include the contribution of static field inhomogeneities (see 
section on T2 relaxation times above). An activated area 
therefore exhibits a temporary increase in signal on T2*- 
weighted images as a result of the decreased concentration 
of deoxyhemoglobin during the activation. 

Gradient-echo images are especially suitable for fMRI 
because of to their intrinsic T2*-weighting. Spin-echo imag- 
ing can also be used since T2 contrast is produced by spins 
moving through the static fields in the vicinity of the blood 
vessels. Because this effect is small compared to the overall 
signal (approximately 2% at 1 .5 T for gradient-echo imaging 
with visual activation), it is best seen as the difference 
between images acquired during activation and those 
acquired in the baseline or resting state. As images need to 
be acquired with an optimal time resolution to sample the 
rapidly changing tissue oxygenation state, gradient echo EPI 
has become the sequence of choice for fMRI. For further 
details see Chapter 10. 



Diffusion Contrast 

Diffusion images are sensitive to the translational, micro- 
scopic motion of water protons in tissue. For the diffusion of 
water molecules within tissue, this displacement will be 
affected by phenomena such as restricted diffusion, in which 
molecules are confined within borders, and the permeability 
of the cell membranes through which the water molecules 
diffuse. For this reason, the measured tissue diffusion coef- 
ficient, known as an apparent diffusion coefficient (ADC), is 
closely related to the biophysical environment of the tissue 
water and can be used to describe cell function and struc- 
ture. It is termed an apparent measure since the motion of 
water molecules in tissue is modulated by a number of fac- 
tors other than brownian motion, including chemical 
exchange, cell membrane permeability, and structural 
restriction. 

In order to sensitize a pulse sequence to diffusion, pairs 
of gradient pulses are used. For static spins, perfect repha- 
sing occurs. However, if the spin has moved during or 
between the application of these gradients, the phase shift 
accumulated during the first gradient is not reversed by the 
phase dispersion caused by the second gradient pulse, since 
the spin's position and, therefore, the phase has altered. A 
net attenuation of the signal results due to incomplete 
rephasing of diffusing spins occurs and this signal loss can 
be directly related to the ADC. Diffusion sensitivity can be 
affected by changes in ionic homeostasis due to impairments 
in blood flow. 

Diffusion gradients can be incorporated into a large 
variety of MRI pulse sequences, including EPI. The early 
sensitivity of diffusion imaging to the tissue damage 
induced by a stroke has motivated the most important clini- 
cal use of diffusion imaging in the evaluation of cerebral 
ischemia. 



Diffusion Tensor Imaging 

Diffusion is a three-dimensional process and water 
mobility may be facilitated along one axis of a structure. 
The measured ADC along this orientation will be larger than 
in other directions. The directional dependence of diffusion 
is known as diffusion anisotropy and is especially apparent 
in brain white matter, in which diffusion mobility is greater 
along the nerve axon fibers. Along other directions, diffu- 
sion is considered as being restricted. The diffusion coeffi- 
cient is therefore better represented within brain tissue by a 
rank-3, two-dimensional tensor that takes into account 
molecular displacements in the x, y and z directions (diagonal 
terms) and also their possible coupling terms (nondiagonal 
terms). 

The measurement of the full diffusion tensor can be 
achieved with multiple measurements using different com- 
binations of gradient pulses in the three gradient axes. This 
technique is known as diffusion tensor imaging (DTI) and 
offers the capability to assess white matter fiber organiza- 
tion in healthy and diseased states. Furthermore, three- 
dimensional visualization of the white matter structures is 
currently being attempted in various laboratories. Various 
combinations of tensor parameters can be used to summa- 
rize the tensor in a more meaningful manner, such as frac- 
tional anisotropy (FA). 



Perfusion Imaging 

The level of cerebral perfusion is an important indicator 
of tissue viability and function, and perfusion imaging 
attempts to directly quantify regional blood flow in the 
brain. At the capillary level, blood flow can be thought of as 
irrigating or perfusing a volume of tissue. Since flow at the 
level of the microcirculation is not a vector quantity, the 
scalar unit of cerebral blood flow (CBF) is described in 
terms of the volume of blood perfusing a unit volume of tis- 
sue per unit time. The most common units are ml/100 g/min. 
The CBF of brain gray matter in man is approximately 
60 ml/1 00 g/min. 

Cerebral blood volume can be measured with contrast- 
agent-based perfusion techniques that sample the washout 
of a gadolinium-based tracer during a single pass. The past 
10 years have seen the development of an alternative, non- 
invasive MRI technique for quantitative measurements of 
cerebral perfusion that uses tissue water as an endogenous, 
freely diffusable tracer. The techniques are based on the dif- 
ferentiation of flowing arterial water spins and static tissue 
spins by the magnetic labeling of one compartment with 
respect to the other. The blood water spins are delivered to 
the brain voxel where they are extracted from the capillary 
bed and join the larger pool of tissue water. The exchange 
between the magnetically labeled water in blood and tissue 
leads to a change in tissue magnetization that can be 
detected by MRI. 
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The goal of these so-called arterial spin-labeling (ASL) 
methods is to extract and analyze the flow-related magneti- 
zation change. The tagged images are alternated with con- 
trol images in which the flow label is not applied. The signal 
difference between these two images directly reflects local 
quantitative perfusion, since the static tissue signal is elimi- 
nated. Variants of this technique include FAIR, QUIPSS, 
and CASL. These techniques have been used to study a wide 
variety of pathologies such as stroke and epilepsy. 



Parallel Imaging 

Rapid imaging has taken a big leap forward with the 
development of parallel imaging techniques such as SENSE 
and SMASH, in which multiple receiver coils are used to 
boost the imaging time. The improvement in scan time is 
related to the number of receiver coils but the relationship is 
not linear. For a fixed scan time, the techniques can be used 
to boost spatial and temporal resolution or to improve 
patient coverage. Fast cardiac studies of a single heartbeat 
are now feasible and the liver can be imaged in a single 
breath-hold. The benefits of the parallel imaging techniques 
are enhanced at high-field with scan time increases of up to 
six or eight times possible at 3 T. Commercial 1 .5 T and 3 T 
systems are now available from the major manufacturers 
with parallel imaging provided as standard. 
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CHAPTER 3 

Brain Anatomy 

Henri Duvernoy 



INTRODUCTION 

An overview of the general organization of the human 
cerebral surface will allow the position of hippocampus to 
be appreciated before moving on to study its anatomy. (For 
more information about the surface cortical anatomy see 
reference 1.) 

The hemispheres are divided into frontal, temporal, 
parietal, and occipital lobes by fissures and sulci (central 
sulcus, lateral, parieto-occipital, and temporo-occipital fis- 
sures). The lateral surface of the frontal lobe is divided 
into precentral, superior (Fl), middle (F2), and inferior (F3) 
gyri by three sulci: superior frontal, inferior frontal, and 
precentral. The middle frontal gyrus is often subdivided 
into superior and inferior parts by the middle frontal sulcus 
(Figs 3.1, 3.2). The inferior surface of the frontal lobe, often 
called the orbital lobe, is composed of the lateral, medial, 
anterior, and posterior orbital gyri and by the gyrus rectus 
(Figs 3.5, 3.6). 

The temporal lobe is situated on the lateral, inferior, and 
medial aspects of the hemisphere. Four sulci - the superior 
temporal (or parallel), inferior temporal, lateral occipitotem- 
poral and medial occipitotemporal (or collateral) - divide 
the temporal lobe in five gyri: superior temporal (Tl), mid- 
dle temporal (T2), inferior temporal (T3), fusiform (T4), and 
parahippocampal (T5). 

The occipital lobe, like the temporal lobe, is visible on 
the lateral, inferior, and medial aspects of the hemisphere. 
Its anatomy is intricate. Sulci and gyri are difficult to iden- 
tify. Nevertheless, the occipital lobe can be divided into six 
gyri: superior (01), middle (02), and inferior (03), occipital 
gyri, fourth occipital gyrus (04), lingual gyrus (05), and 
cuneus (06). 



On the lateral surface of the hemisphere, the superior, 
middle, and inferior gyri are separated from each other by 
the superior and inferior occipital sulci. The large middle 
occipital gyrus is often subdivided into superior and inferior 
parts by the lateral occipital sulcus (Figs 3.1, 3.9). On the 
inferior and medial surfaces, the lateral temporo-occipital, 
collateral, and calcarine sulci delimit the inferior occipital, 
fourth occipital, and lingual gyri and the cuneus. The lateral 
surface of the parietal lobe is divided by the intraparietal 
sulcus into three gyri: the postcentral, superior (PI), and 
inferior (P2) parietal gyri. The inferior parietal gyrus is itself 
subdivided into supramarginal and angular gyri. The supe- 
rior parietal gyrus lies on the superior margin of the hemi- 
sphere and overlaps its medial surface, where it is called 
precuneus (Figs 3.1, 3.3, 3.9, 3.10). 

A supernumerary lobe, the limbic lobe, is often described 
on the medial and inferior aspects of the hemisphere (Figs 
3.3, 3.19). The limbic lobe is delimited by the limbic fissure, 
which is mainly composed of the cingulate and collateral 
sulci. The limbic lobe may be divided into a large limbic and 
slender intralimbic gyri. The limbic gyrus is successively 
made up of the subcallosal gyrus, the cingulate gyrus, and 
the isthmus, which together belong, from an anatomical 
point of view, to the frontal and parietal lobes, and the 
parahippocampal gyrus (T5), which is part of the temporal 
lobe (see above). 

The uncus or anterior part of the parahippocampal gyrus 
curves posteriorly and overlaps the parahippocampal gyrus; 
only the anterior segment of the uncus belongs to the 
parahippocampal gyrus and so to the limbic gyrus, whereas 
its posterior segment is a part of the intralimbic gyrus. 

The intralimbic gyrus is mainly formed by the hippo- 
campus, the hippocampus bordering the parahippocampal 
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gyrus (Fig. 3.19) belongs to the temporal lobe from an 
anatomical point of view (Fig. 3.17) and to the limbic lobe 
functionally. It is a cortical fold, which bulges into the floor 
of the temporal horn of the lateral ventricle. After opening 
the temporal horn and removing the choroid plexuses (Fig. 
3.18), the hippocampus appears as an arc, medially concave, 
which may look like a sea horse. This arc is composed of 
three segments: a head or anterior part, transversally ori- 
ented, a body or middle part, which is sagittally oriented, 
and a tail or posterior part, again transversally oriented and 
situated beneath the splenium. 



characterized by defects in remembering events that occur 
after the appearance of the lesion. 



HIPPOCAMPAL ANATOMY 



The aspects of the hippocampal body, head, and tail will 
be studied in succession. 



Hippocampal Body 



STRUCTURE OF THE HIPPOCAMPUS 

For more information about the hippocampal structures 
and functions see references 2-56. 

The hippocampus is formed by two cortical laminae 
embedded in each other, the cornu ammonis and the gyrus 
dentatus (Fig. 3.20). The cornu ammonis is linked to the 
parahippocampal gyrus by the subiculum, a transitional 
cortex. According to the different aspects of the pyramidal 
neurons, the cornu ammonis can be divided into four fields: 
CA1, which is linked to the subiculum; CA2; CA3, in con- 
tact with the ventricular cavity; and CA4, in close contact 
with the gyrus dentatus. The endoventricular aspect of the 
cornu ammonis is covered by a thin lamina of white matter, 
the alveus, which joins the fimbria. The fimbria extends 
backwards into the crus of the fornix. 

The gyrus dentatus is a narrow dorsally concave lamina 
mainly composed of small rounded cells, the granular neu- 
rons. The gyrus dentatus, by its concavity, encloses the CA4 
field of the cornu ammonis. These two structures form 
together the area dentata. The superficial part of the gyrus 
dentatus, visible on the medial aspect of the temporal lobe, 
is called margo denticulatus or dentes of the gyrus dentatus 
and is separated from the subiculum by a narrow hippocam- 
pal sulcus. The cornu ammonis, gyrus dentatus and subicu- 
lum are joined together to constitute a functional unit, the 
hippocampal formation, belonging to the limbic system. 
A large amount of information, originating from wide asso- 
ciation areas, projects to the entorhinal area and then to the 
subiculum. From the subiculum, fibers successively reach 
the gyrus dentatus, CA3, CA 1 , and then return to the subicu- 
lum. Thus, the subiculum seems to be the center of this 
chain. It sends the definite responses, which return to the 
associative areas by way of the fimbria, fornix, and thalamus 
or directly through the entorhinal cortex. 

Through these wide cortical connections, the hippocampal 
formation is mainly involved in the creation of memory, in 
association with the amygdala. Lesions of the hippocampal 
formation mainly located in CA1, which shows a selective 
vulnerability to hypoxia (CA1 is known as 'the vulnerable 
sector' of the cornu ammonis), produce anterograde amnesia 



The hippocampal body (Figs 3.18, 3.20, 3.24, 3.25, 3.27, 
3.34) presents the most typical aspect of the hippocampal 
anatomy and is made up of the cornu ammonis and the gyrus 
dentatus, which form two U-shaped interlocking laminae. 
The cornu ammonis is a strongly convex protrusion in the 
floor of the temporal horn covered with alveus and limited 
medially by the fimbria and laterally by the collateral emi- 
nence. 

The gyrus dentatus is a deep structure whose narrow 
superficial segment, the margo denticulatus, is partly hidden 
by the fimbria. The margo denticulatus is composed of 
rounded protrusions, which form the dentes of the gyrus 
dentatus, and is separated from the subjacent subiculum by 
an often ill-defined hippocampal sulcus. 



Hippocampal Head 

The hippocampal head (Figs 3.18, 3.23-3.25, 3.33, 3.40) 
is the voluminous anterior part of the arc of the hippocam- 
pus. It includes an intraventricular part and an extraventric- 
ular part. The intraventricular part is composed of several 
protrusions, the digitationes hippocampi, which are folds of 



The extraventricular part, belonging to the posterior seg- 
ment of the uncus, is divided into the apex (often wrongly 
called the intralimbic gyrus), the band of Giacomini, which 
prolongs the margo denticulatus in the uncus, and the gyrus 
uncinatus. 



Hippocampal Tail 

The hippocampal tail (Figs 3.18, 3.20, 3.29-3.32, 3.39, 
3.41) is the slender posterior part of the hippocampal 
arc. Each of the constituents of the hippocampus can be 
found in the tail but with different names: thus the cornu 
ammonis becomes superficially the gyrus fasciolaris, which 
continues under the splenium as the subsplenial gyrus and 
further as the indusium griseum on the dorsal surface of the 
corpus callosum (Fig. 3.20). The superficial part of the gyrus 
dentatus forms the fasciola cinerea, which disappeared under 
the splenium. Folds of cornu ammonis sometimes lift the 
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surface of the parahippocampal gyrus, producing the gyri of 
Andreas Retzius (Fig. 3.20). 



RELATIONS OF THE HIPPOCAMPUS WITH THE 
SURROUNDING NERVOUS STRUCTURES 

The hippocampus has important relationships with: 

• the temporal horn 

• the temporal lobe 

• the mesencephalon. 

The hippocampus bulges into the temporal horn of the 
lateral ventricle (Figs 3.17, 3.18) and is covered by volumi- 
nous choroid plexuses, with the exception of the digitationes 
hippocampi, which are free of them. The hippocampus is 
bordered laterally by the protrusion of the collateral emi- 
nence, which prolongs caudally by the collateral trigone, 
forming the floor of the ventricular atrium. Through the 
atrium, the temporal horn communicates with the occipital 
horn (Figs 3.19, 3.22, 3.23). 

The hippocampus is situated on the medial aspect of the 
temporal lobe (Fig. 3.20). Through the temporal horn of the 
ventricle, the hippocampal head is covered by the amygdala 
(Figs 3.24, 3.25, 3.39-3.41) and the hippocampal body by 
the tail of the caudate nucleus and the stria terminalis (Figs 
3.21, 3.27). The temporal stem, a narrow lamina of white 
matter, separates the temporal horn and the hippocampus 
from the superior and middle temporal gyri and the deep 
parallel (superior temporal) sulcus (Figs 3.24-3.28). 

The arched right and left hippocampi surround the mes- 
encephalon (Figs 3.22, 3.23) and the vessels which encircle 
it, especially the posterior cerebral and anterior choroid 
arteries and the basal veins. These vessels run into the sub- 
arachnoid cisterns lining the mesencephalon (Fig. 3.22), 
which are the interpeduncular cistern (Figs 3.35, 3.36) on 
the anterior aspect of the mesencephalon, the crural and 
ambient cisterns (Figs 3.26-3.31, 3.34-3.36) on its lateral 
aspect, and the quadrigeminal cistern on its posterior aspect 
(Figs 3.30, 3.33-3.37). The wing of the ambient cistern pro- 
longs the ambient cistern in the lateral part of the transverse 
fissure, which is closed laterally by the choroid fissure in 
contact with the temporal horn (Figs 3.21, 3.30, 3.35, 3.36). 
Finally, the right and left hippocampi are in close contact 
with the free edge of the tentorial opening, especially at the 
uncal level (Fig. 3.23). In herniation of the temporal lobe, 
the uncus slips between the tentorial edge and the eras cere- 
bri and may compress the mesencephalon and the posterior 
cerebral artery. 

This brief anatomical study, which is a summary of a 
previous work, will make it easier to understand the coronal, 
axial, and sagittal sections on Figures 3.24-3.43 (see also 
hippocampal sections). 
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FIG. 3.1. Lateral aspect of the left hemisphere. 



1 Central sulcus 

2 Precentral gyrus 

3 Superior frontal gyrus (F1) 

4 Superior frontal sulcus 

5 Middle frontal gyrus (F2) 

6 Inferior frontal sulcus 

7 Inferior frontal gyrus (F3) 

8 Pars orbitalis 

8' Lateral orbital sulcus 

8" Lateral orbital gyrus 

9 Pars triangularis 

10 Pars opercularis 

1 1 Lateral fissure, anterior segment 

12 Horizontal ramus of lateral fissure 

13 Vertical ramus of lateral fissure 

14 Lateral fissure, middle segment 

1 5 Lateral fissure, posterior segment 

16 Superior temporal gyrus (T1) 

17 Anterior segment of superior temporal sulcus 



18 Ascending posterior segment of superior sulcus 

19 Horizontal posterior segment of temporal sulcus 

20 Transverse temporal sulcus 

21 Transverse temporal gyrus 

22 Sulcus acousticus 

23 Middle temporal gyrus (T2) 

24 Inferior temporal sulcus 

25 Inferior temporal gyrus (T3) 

26 Temporo-occipital incisure 

27 Inferior occipital gyrus (03) 

28 Inferior occipital sulcus 

29 Middle occipital gyrus (02) 

30 Lateral occipital sulcus 

31 Angular gyrus 

32 Intraparietal sulcus 

33 Supramarginal gyrus 

34 Superior parietal gyrus (P1 ) 

35 Inferior postcentral sulcus 

36 Postcentral gyrus 
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FIG. 3.2. Superior aspect of the left and right hemispheres. 



1 Central sulcus 

2 Precentral gyrus 

3 Superior precentral sulcus 

4 Superior frontal gyrus (F1) 

5 Superior frontal sulcus 
6,6" Middle frontal gyrus 

7 Middle frontal sulcus 

8 Postcentral gyrus 

9 Intraparietal sulcus 

10 Sulcus intermedius primus (Jensen) 

1 1 Angular gyrus 

12 Superior temporal sulcus 



13 Sulcus intermedius secundus 

14 Transverse occipital gyrus 

15 Middle occipital gyrus (02) 

16 Superior occipital gyrus (01) 

1 7 Parieto-occipital fissure 

18 Superior parietal gyrus (P1) 

1 9 Transverse parietal sulcus 

20 Superior postcentral sulcus 

21 Cingulate sulcus, marginal segment 
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FIG. 3.3. Medial aspect of the right cerebral hemisphere. 



1 Corpus callosum 

2 Septum peliucidum 

3 Fornix 

4 Thalamus 

5 Hypothalamus 

6 Gyrus rectus 
7,7' Suborbital sulci 

8 Anterior paraolfactory sulcus 

9 Subcallosal gyrus 

10 Cingulate sulcus 

10' Marginal segment of cingulate gyrus 

1 1 Cingulate gyrus 

12 Medial aspect of superior frontal gyrus (F1) 

13 Paracentral sulcus 
al lobule 



1 5 Central sulcus 

16 Subparietal sulcus 

17 Precuneus 

18 Parieto-occipital fissure 

19 Cuneus 

20 Calcarine sulcus 

20' Retrocalcarine sulcus 
20" Anterior calcarine sulcus 

21 Lingulal gyrus 

22 Isthmus 

23 Parahippocampal gyrus 

24 Uncus 

25 Collateral sulcus 
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FIG. 3.4. Inferomedial aspect of the right cerebral hemispher 



I Corpus callosum 

3 Third ventricle 

i Cut surface of mesencephalon 

3 Subcallosal gyrus 

3 Anterior paraolfactory sulcus 

7 Suborbital sulcus 

3 Gyrus rectus 

3 Medial orbital sulcus 

3 Medial orbital gyrus 

I Anterior orbital gyrus 

I Posterior orbital gyrus 

3 Olfactory tract 

\ Temporal pole, superior temporal gyrus (T1 ) 

3 Temporal pole, middle temporal gyrus (T2) 

3 Temporal pole, inferior temporal gyrus (T3) 

7 Rhinal sulcus 

3 Collateral sulcus 

' Anterior transverse collateral sulcus 



" Posterior transverse collateral sulcus 

3 Fusiform gyrus (T4) 

3 Lateral occipitotemporal sulcus 

I Inferior temporal gyrus (T3) 

I Temporo-occipital incisure 

' Inferior occipital gyrus (03) 

' fourth occipital gyrus 

5 Lingual gyrus (05) 

' Calcarine sulcus 

" Anterior calcarine sulcus 

3 Retrocalcarine sulcus 

f Gyrus descendens 

3 Cuneus (06) 

3 Parieto-occipital fissure 

) Isthmus 

I Parahippocampal gyrus (T5) 

I Piriform lobe (entorhinal area) 

3 Gyrus ambiens 
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FIG. 3.5. Inferior aspect of the brain with cerebellum and brainstem removed. 



1 Cut surface of mesencephalon 

2 Interpeduncular fossa 

3 Mamillary body 

4 Hypophyseal stalk and median 

5 Optic chiasma 

6 Gyrus rectus 

7 Olfactory tract 

8 Medial orbital sulcus 

9 Medial orbital gyrus 

10 H-shaped orbital sulcus 
10' Arcuate orbital sulcus 

1 1 Anterior orbital gyrus 

12 Posterior orbital gyrus 

13 Lateral orbital gyrus 

14 Inferior temporal gyrus (T3) 



15 Lateral occipitotemporal sulcus 

16 Fusiform gyrus (T4) 

17 Collateral sulcus 

17' Anterior transverse collateral sulcus 

18 Temporo occipital incisure 

19 Inferior occipital gyrus (03) 
19' Inferior occipital gyrus (03) 

20 Fourth occipital gyrus (04) 
20' Fourth occipital gyrus 

21 Lingual gyrus (05) 

22 Splenium 

23 Parahippocampal gyrus 

24 Uncus 
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FIG. 3.6. Basal surface of the brain - orbital Ic 



1 Gyrus rectus 

2 Olfactory bulb 

3 Olfactory tract 

4 Medial orbital sulcus 

5 Medial orbital gyrus 

6 H-shaped orbital sulcus 
6' Arcuate orbital sulcus 

7 Anterior orbital gyrus 

8 Posterior orbital gyrus 

9 Anterior perforated substance 

10 Lateral olfactory stria 

1 1 Medial olfactory stria 

12 Optic nerve 



13 Optic chiasma 

1 4 Optic tract 

1 5 Hypophysial stalk 

16 Anterior tuber 
16' Lateral tuber 
16" Posterior tuber 

17 Mamillary body 

1 8 Crus cerebri 

19 Interpeduncular fossa 

20 Oculomotor nerve 

21 Pons 
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FIG. 3.7. Frontal pole, anterior aspect. 



1 Superior frontal gyrus 

2 Superior frontal sulcus 

3,3' Middle frontal gyrus (F2), superior and inferior parts 

4 Middle frontal sulcus reaching 5 



5 Frontomarginal sulcus 
6, 6', 6" Superior, middle, and inferior transverse 
7 Frontomarginal gyrus 
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FIG. 3.8. Lateral aspect of the right frontal 




1 Central sulcus 

2 Postcentral gyrus 

3 Inferior postcentral sulcus (ascending portion) 

4 Subcentral gyrus 

4' Posterior subcentral sulcus 
4" Anterior subcentral sulcus 

5 Lateral fissure, middle segment 

6 Lateral fissure, anterior segment; a vertical and b horizontal 

7 Inferior frontal gyrus (F3), pars opercularis 

8 Inferior frontal gyrus (F3), pars triangularis 
8' Sulcus triangularis 

9 Inferior frontal gyrus (F3), pars orbitalis 



D Lateral orbital sulcus 

1 Lateral frontal sulcus 

2 Inferior frontal sulcus 

' Inferior precentral sulcus 

3 Middle frontal sulcus reaching 14 
\ Frontomarginal sulcus 

5 Superior frontopolar gyrus 

' Inferior frontopolar gyrus 

' Middle frontal gyrus (F2) superior and inferior parts 

7 Superior frontal sulcus 

' Superior precentral sulcus 

3 Superior frontal gyrus 

3 Precentral gyrus 
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FIG. 3.9. Occipital pole, right hemisphere, lateral aspect. 



1 Intraparietal sulcus 

2 Parieto-occipital fissure 

3 Intra-occipital sulcus 

4 Transverse occipital sulcus 

5 Superior occipital gyrus (01) 

6 Inferior occipital gyrus (03) 

7 Temporo-occipital incisure 

8 Inferior occipital sulcus 
9,9' Middle occipital gyrus (02) 

10 Lateral occipital sulcus 

1 1 Sulcus lunatus 

12 Anterior occipital sulcus 

13 Inferior temporal gyrus (T3) 



14 Middle temporal gyrus (T2) 

15 Superior temporal gyrus (T1) 

16 Superior temporal sulcus 

17 Superior temporal sulcus, horizontal posterior segment 

18 Superior temporal sulcus, ascending posterior segment 

19 Angular gyrus 

20 Sulcus intermedius primus 

21 Supramarginal gyrus 

22 Inferior postcentral sulcus 

23 Postcentral gyrus 

24 Central sulcus 

25 Lateral sulcus 
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FIG. 3.10. Occipital pole, left hemisphere. 



1 Anterior calcarine sulcus 

2 Calcarine sulcus 

3 Retrocalcarine sulcus 

4 Gyrus descendens of Ecker 

5 Occipitopolar sulcus 

6 Superior occipital gyrus (01) 

7 Parieto-occipital fissure 



8 Precuneus 

9 Cuneus (06) 

10 Paracalcarine sulcus 

1 1 Lingual gyrus (05) 

1 2 Parahippocampal gyrus (T5) 

13 Collateral sulcus 
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FIG. 3.11. Superior aspect of left superior temporal gyrus after ablation of the lower 



frontal and parietal lobes. 



1 Insula 

2 Planum polare 

3,3' Anterior and posterior transverse temporal gyri (Heschel) 

3" Intermediate transverse temporal sulcus 

4 Sulcus acousticus 

5 Transverse temporal sulcus 

6 Planum temporale 

7 Postcentral gyrus 

8 Central sulcus 



9 Precentral gyrus 

10 Superior central sulcus 

1 1 Superior frontal sulcus 

12 Superior frontal gyrus (F1) 

13,13' Middle frontal gyrus (F2), superior and inferior parts 

14 Middle frontal sulcus 

15 Inferior frontal sulcus 
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FIG. 3.12. Lateral aspect of the right insula after ablation of frontal, parietal, and temporal opercula. 



1 Circular insular sulcus 

2 Central insular sulcus 

3 Falciform fold 



t,4',4" Short insular gyri 
5,5' Long insular gyri 
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FIG. 3.13. Medial aspect of the left hemisphere observed after sagittal section of commissures and third ventricle. The inferior aspects of tem- 
poral and occipital lobes are hidden by brain stem and cerebellum. 



I Medial aspect of frontal lobe 

> Medial aspect of parietal lobe 

3 Medial aspect of occipital lobe 

1 Cingulate gyrus 

5 Subparietal sulcus 

5 Parieto-occipital fissure 

7 Calcarine sulcus 

1 Corpus callosum 

3 Septum pellucidum 

) Fornix 

I Third ventricle 

I Anterior commissure 

3 Posterior commissure 



14 Thalamus 

15 Mamillary body 

1 6 Optic chiasma 

17 Mesencephalon 

18 Quadrigeminal plate 

1 9 Cerebral aqueduct 

20 Pons 

21 Medulla 

22 Cerebellum 

23 Inferior cerebellum 

24 Fourth ventricle 
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FIG. 3.14. Lateral view of a right cerebral hemisphere: leptomeningeal 



1 Lateral orbitofrontal artery 

2 Prefrontal artery 

3 Precentral artery 

4 Central artery 

5 Anterior parietal artery 

6 Posterior parietal artery 

7 Angular artery 

8 Temporo-occipital artery 

9 Posterior temporal artery 

10 Middle temporal artery 

1 1 Anterior temporal artery 

12 Temporopolar artery 

13 Frontopolar arteries 

14 Anterior internal frontal artery 



15 Middle internal frontal artery 

16 Posterior internal frontal artery 

1 7 Paracentral artery 

18 Internal parietal artery 

19 Frontopolar cortical vein 

20 Frontoparietal cortical veins 

21 Parietal cortical veins 

22 Superior occipital cortical vein 

23 Sylvian cerebral vein 

24 Lateral inferior temporal vein 

25 Superior cortical anastomotic vein (Trolard) 

26 Superior cortical anastomotic vein (Labbe) 
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FIG. 3.15. Medial view of a right cerebral hemisphere: ieptomeningeal vessels. 



1 Trunk of the anterior cerebral artery 

2 Pericallosal artery 

3 Callosomarginal or cingular artery 
4,4' Medial orbitofrontal arteries 

5 Frontopolar arteries 

6 Anterior internal frontal artery 

7 Middle internal frontal artery 

8 Posterior internal frontal artery 

9 Paracentral artery 

10 Internal parietal arteries 

1 1 Posterior cerebral artery 

12 Anterior inferior temporal artery 

13 Middle inferior temporal artery 

14 Posterior inferior temporal artery 



15 Occipitotemporal artery 

16 Calcarine artery 

17 Parieto-occipital artery 

1 8 Frontopolar cortical vein 

19 Frontoparietal cortical vein 

20 Parietal cortical vein 

21 Anterior cerebral vein 

22 Venous drainage towards 23 

23 Basal vein 

24 Pericallosal vein 

25 Great cerebral vein 

26 Straight sinus 

27 Internal cerebral vein 
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FIG. 3.16. Inferior view of a right cerebral hemisphere: leptomeningeal vessels. 



1 Anterior cerebral artery 

2 Medial orbitofrontal arteries 

3 Middle cerebral artery 

I' Anterior choroidal artery 
% Lateral orbitofrontal artery 
5 Temporopolar arteries 
3 Anterior temporal artery 
7 Middle temporal artery 
3 Posterior temporal artery 
3 Posterior cerebral artery 
>' Posterior communicating artery 
D Anterior inferior temporal artery 



1 1 Middle inferior temporal artery 

12 Posterior inferior temporal artery 

1 3 Calcarine artery 

14 Occipitotemporal artery 
5,15' Veins of the orbital lobe 

16 Medial inferior temporal veins 
',16" Temporopolar veins 

1 7 Inferior occipital veins 

17' Inferior anastomotic vein (Labbe) 

1 9 Basal vein 

20 Great cerebral vein 
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FIG. 3.17. Coronal section of the brain showing the general relations of the hippocampus with adjacent nervous structures. 



1 Section of the hippocampus 

2 Temporal horn of the lateral ventricle 

3 Parahippocampal gyrus 

4 Fusiform gyrus 

5 Inferior temporal gyrus 

6 Middle temporal gyrus 

7 Superior temporal sulcus 

8 Superior temporal gyrus 

9 Lateral fissure 

10 Insula 

1 1 Postcentral gyrus 

12 Central sulcus 

1 3 Precentral gyrus 

14 Precentral sulcus 

15 Superior frontal gyrus 

16 Cingulate sulcus 

17 Cingulate gyrus 



limb 



3 Corpus callosum 

) Lateral ventricle 

I Caudate nucleus 

I Internal capsule, p 

3 Claustrum 

% Putamen 

5 Lateral pallidum 

5 Ventral lateral thalamic nucleus 

7 Dorsomedial thalamic nucleus 

3 Third ventricle 

3 Red nucleus 

3 Substantia nigra 

1 Crus cerebri 

I Pons 

3 Tentorium cerebelli 
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1 Hippocampal body 

2 Hippocampal head: digitationes hippocampi 

3 Hippocampal tail 

4 Fimbria 

5 Cms of the fornix 

6 Splenium of the corpus callosum 

7 Calcar avis in the occipital horn 

8 Collateral trigone 



9 Collateral eminence 

10 Uncal recess of the temporal horn (the amygdala overlying the 
hippocampal head has been removed) 

1 1 Uncal part of the hippocampus 

12 Parahippocampal gyrus (subiculum) 

13 Hippocampal sulcus 
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FIG. 3.19. MRI view of a section passing through the hippocampal axis (inverted T2-weighted image). 

1 Hippocampal body, cornu ammonis 8 Atrium of the lateral ventricle 

2 Hippocampal body, gyrus dentatus 9 Quadrigeminal cistern 

3 Hippocampal sulcus 10 Brachium conjunctivum 

4 Subiculum 1 1 Substantia nigra 

5 Hippocampal head 12 Cms cerebri 

6 Amygdala 13 Ambient cistern 

7 Hippocampal tail 14 Colliculus 
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FIG. 3.20. Medial aspect of the hippocampus. 



Hippocampal body: 

1 Superficial part of the gyrus dentatus (margo denticulatus) 

2 Cornu ammonis 

3 Fimbria displaced upwards (arrows) to show the cornu ammonis 



Hippocampal head (uncal part): 

4 Apex of the uncus 

5 Band of Giacomini (the uncal 
denticulatus (1)) 

5' Uncal sulcus 

6 Gyrus uncinatus 



The anterior part of the uncus, which belongs to the parahippo- 
campal gyrus (and is often called piriform lobe), is composed of : 

7 Semilunar gyrus 

8 Prepiriform cortex 

9 Gyrus ambiens 

10 Entorhinal area 

1 1 Parahippocampal gyrus 

12 Collateral sulcus 



Hippocampal tail 

13 Gyri of Andreas Retzius 

14 Fasciola cinerea prolonging the gyrus dentatus 

1 5 Gyrus fasciolaris which is the extension of the cornu ammonis in 
the tail 

16 The gyrus subsplenialis prolongs the gyrus fasciolaris and is 
itself continued by the indusium griseum (17) on the dorsum of 
the corpus callosum (18) 

19 Isthmus 

20 Anterior caicarine sulcus 

21 Cingulate gyrus 

22 Cingulate sulcus 

23 Subcallosal area 

24 Anterior perforated substance 

25 Anterior commissure 

26 Fornix 

27 Cms of the fornix 

The dotted area indicates the limbic lobe. The a-a line indicates the 
plane of the section of Figure 3.21 . 
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FIG. 3.20. Cont'd. 
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FIG. 3.21. Diagram of a transverse section of the hippocampus. The hippocampus is composed of two cortical layers, the gyrus dentatus (1) 
and the cornu ammonis (2), superficially separated by the hippocampal sulcus (arrow) and covered with fimbria (3) and alveus (3'). 



CA1, CA2, CA3, CA4 Fields of cc 

4 Tela choroidea of the temporal horn (fi 

5 Stria terminalis 

6 Tail of caudate nucleus 

7 Temporal horn of the lateral ventricle 

8 Collateral eminence 

9 Collateral sulcus 

10 Parahippocampal gyrus 

1 1 Entorhinal area 



12 Subiculum 

13 Lateral geniculate body 

14 Lateral part of the 

15 Ambient cistern 

16 Crus cerebri 

17 Pons 

18 Tentorium cerebelli 

19 Temporal, petrous part 



fissure (wing of the ambient cistern) 
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FIG. 3.22. Horizontal section of the upper mesencephalon. The temporal horns of the Is 
plexuses removed to show the right and left hippocampi. 



il ventricles have been opened and the choroid 



1 Endoventricular view of the hippocampal body 

1 ' Endoventricular view of the hippocampal head (digitationes 

hippocampi) 
1" Endoventricular view of the hippocampal tail 

2 Fimbria 

3 Collateral eminence 

4 Occipital horn of the lateral ventricle 

5 Calcaravis 

6 Anterior calcarine sulcus 

The two hippocampi encircle the mesencephalon: 

7 Crus cerebri 

8 Substantia nigra 

9 Red nucleus 

10 Cerebral aqueduct 



1 1 Superior colliculus 

12 Posterior cerebral artery 

13 Uncus 

14 Oculomotor nerve 

1 5 Basilar artery 

16 Hypophysial stalk 

17 Middle cerebral artery 

18 Optic nerve 

19 Anterior clinoid process. 

Subarachnoid cisterns: 

a interpeduncular cistern 

b crural cistern 

c ambient cistern 

d quadrigeminal cistern 
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FIG. 3.23. Horizontal section of the lower mesencephalon. The temporal horns of the lateral ventricles have been opened and the choroid 
plexuses removed to show the right and left hippocampi. 



1 Endoventricular view of the hippocampal body 

1 ' Endoventricular view of the hippocampal head (digitationes 

hippocampi) 
1" Endoventricular view of the tail 

2 Fimbria 

3 Collateral eminence 

4 Occipital horn of the lateral ventricle 

5 Calcaravis 

6 Anterior calcarine sulcus 

7 Crus cerebri 

8 Substantia nigra 

9 Superior cerebellar peduncle 



10 Inferior colliculus 

1 1 Free edge of the tentorium cerebelli, which delimits the tentorial 
opening, encircles the mesencephalon and is in close contact 
with the two hippocampi 

1 2 Posterior cerebral artery 

13 Uncus 

14 Oculomotor nerve 

15 Hypophysial stalk 

16 Middle cerebral artery 

17 Optic nerve 

18 Anterior clinoid process 
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SECTIONAL ANATOMY OF THE HIPPOCAMPUS 

Coronal, axial and sagittal sections of the hippocampus 
will be successively presented. 

The bicommissural plane acted as a reference plane for 
axial sections parallel to this plane and for coronal sections 
perpendicular to it. Sagittal section are parallel to the 
median plane. 

Some sections are parallel to a plane passing through the 
anterior commissure and the mamillary body (AC-MB 
plane), which is perpendicular to the hippocampal axis (Figs 
3.25B, 3.27B and 3.29B) and one section is perpendicular 
to the AC-MB plane and parallel to the hippocampal axis 
(Fig. 3.19). 



The illustrations for each section consist of a three- 
dimensional drawing that is then compared with the corres- 
ponding anatomical section and MRI. 

The MRI views are courtesy of: 

• the Department of Neuroradiology of the Quinze-Vingts 
Hospital, Paris (Professors E.A. Cabanis and M.T 
Iba-Zizen) 

• the Department of Neurology of the NYU School of 
Medicine, New York, NY (Dr R.I. Kuzniecky) 

• the Department of Neuroradiology of the J. Minjoz 
Hospital, Besancon (Professor J.F. Bonneville and 
Dr. F. Cattin). 
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CORONAL SECTIONS OF THE HIPPOCAMPUS 



The coronal views show eight sections moving progres- 
sively from anterior to posterior levels. 





FIG. 3.24. Coronal section of the hippocampal head. A. Three-dimensional drawing. B. T1 -weighted MR image. C. Anatomic section (posterior view). 



1 Anterior apex of the hippocampal head (cornu ammonis) 

2 Amygdala 

' Amygdala, lateral nucleus 
" Amygdala, basal nucleus 
'" Amygdala, cortical nucleus 

3 Uncus 

4 Hippocampal head 

5 Hippocampal body 

6 Fimbria 

7 Margo denticuiatus 

8 Parahippocampal gyrus (subicuium) 

9 Hippocampal tail 

0 Gyrus fasciolaris 

1 Fasciola cinerea 

2 Gyri of Andreas Retzius 

3 Splenium 

4 Temporal stem 

5 Temporal horn of the lateral ventricle 



6 Parahippocampal gyrus (entorhinal a 

7 Collateral sulcus 

8 Fusiform gyrus 

9 Inferior temporal gyrus 

0 Middle temporal gyrus 

1 Superior temporal gyrus 

2 Lateral fissure 

3 Precentral gyrus 

4 Insula 

5 Claustrum 

6 Caudate nucleus 

7 Internal capsule (genu) 

8 Putamen 

9 Lateral pallidum 

0 Medial pallidum 

1 Column of fornix 

2 Optic tract 

3 Third ventricle 
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FIG. 3.24. Cont'd. 
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FIG. 3.25. Coronal section of the hippocampal head. A. Three-dimensional drawing. B. T1 -weighted MR image. C. Inverted T2-weighted MR 
image. D. Anatomic section (posterior view). 



1 Hippocampal head, digitationes hippocampi (cornu ammonis, 

cut surface) 

I Amygdala (cortical nucleus) 

3 Uncus 

X Hippocampal head 

5 Hippocampal body 

3 Fimbria 

7 Margo denticulatus 

3 Parahippocampal gyrus (subiculum) 

3 Hippocampal tail 

3 Gyrus fasciolaris 

1 Fasciola cinerea 

I Gyri of Andreas Retzius 

3 Splenium 

1 Temporal stem 

5 Temporal horn of the lateral ventricle 

3 Uncal sulcus 

7 Subiculum 

3 Parahippocampal gyrus 

3 Collateral sulcus 



20 Fusiform gyrus 

21 Inferior temporal gyrus 

22 Middle temporal gyrus 

23 Parallel sulcus 

24 Superior temporal gyrus 

25 Lateral fissure 

26 Precentral gyrus 

27 Caudate nucleus 

28 Internal capsule (genu) 

29 Claustrum 

30 Insula 

31 Putamen 

32 Lateral pallidum 

33 Medial pallidum 

34 Optic tract 

35 Ventral anterior thalamic nucleus 

36 Third ventricle 

37 Mamillary body 

38 Lateral ventricle 

39 Corpus callosum 
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FIG. 3.25. Cont'd. 
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FIG. 3.26. Coronal section of the hippocampal head. A. Three-dimensional drawing. B. T1 -weighted MR image. C. Anatomic section (posterior view). 



1 Hippocampal head (corn 

2 Hippocampal head (gyrus dentatus) 

3 Hippocampal head (endoventricular aspect) 

4 Hippocampal body 

5 Fimbria 

3 Margo denticulatus 

7 Parahippocampal gyrus (subiculum) 

3 Hippocampal tail 

3 Gyrus fasciolaris 

D Fasciola cinerea 

1 Gyri of Andreas Retzius 

2 Splenium 

3 Temporal stem 

i Temporal horn of the lateral ventricle 

5 Uncal sulcus 

3 Subiculum 

7 Parahippocampal gyrus (entorhinal area) 

3 Collateral sulcus 

3 Fusiform gyrus 

D Inferior temporal gyrus 

1 Middle temporal gyrus 

I Parallel sulcus 

3 Superior temporal gyrus 

4- Lateral fissure 

5 Postcentral gyrus 



>r limb 



6 Central sulcus 

7 Precentral gyrus 

8 Corpus callosum 

9 Lateral ventricle 

0 Caudate nucleus 

1 Internal capsule, posteric 

2 Insula 

3 Claustrum 

4 Putamen 

5 Lateral pallidum 
S Medial pallidum 
7 Optic tract 

3 Anterior thalamic nucleus 

3 Ventral lateral thalamic nucleus 

D Dorsomedial thalamic nucleus 

1 Zona incerta 

I Subthalamic nucleus 

3 Substantia nigra 

% Third ventricle 

5 Interpeduncular fossa 

3 Crus cerebri 

7 Crural cistern 

3 Posterior cerebral artery 

3 Tentorium cerebelli 
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FIG. 3.26. Cont'd. 
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FIG. 3.27. Coronal section of the hippocampus. A. Three-dimensional drawing. B. Inverted T2-weighted MR image. C. T1 -weighted MR image. 
D. Anatomic section (anterior view). 



1 Hippocampa! body (cornu ammonis) 

' Hippocampal head, uncal part, (cornu ammonis) 
" Fimbria 

2 Hippocampal body (gyrus dentatus) 

' Hippocampal head, uncal part (gyrus dentatus) 

3 Apex of the uncus 

4 Hippocampal body 

5 Fimbria 

3 Margo denticulatus 

7 Parahippocampal gyrus (subiculum) 

3 Hippocampal tail 

3 Gyrus fasciolaris 

) Fascioia cinerea 

I Gyri of Andreas Retzius 

I Isthmus 

3 Splenium 

I Temporal stem 

> Temporal horn of the lateral ventricle 

3 Tail of caudate nucleus 

7 Subiculum 

3 Parahippocampal gyrus (entorhinal area) 

) Fusiform gyrus 

) Inferior temporal gyrus 

I Middle temporal gyrus 

I Parallel sulcus 

3 Superior temporal gyrus 



24 Lateral fissure 

25 Postcentral gyrus 

26 Central sulcus 

27 Precentral gyrus 

28 Corpus callosum 

29 Lateral ventricle 

30 Fornix 

31 Caudate nucleus 

32 Internal capsule, posterior limb 

33 Insula 

34 Putamen 

35 Lateral pallidum 

36 Medial pallidum 

37 Optic tract 

38 Anterior thalamic nucleus 

39 Dorsomedial thalamic nucleus 

40 Ventral lateral thalamic nucleus 

41 Third ventricle 

42 Subthalamic nucleus 

43 Substantia nigra 

44 Red nucleus, anterior pole 

45 Cms cerebri 

46 Crural cistern and posterior cerebral artery 

47 Tentorium cerebelli 

48 Pons 
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FIG. 3.27. Cont'd. 
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FIG. 3.28. Coronal section of the hippocampal body. A. Three-dimensional drawing. B. T1 -weighted MR image. C. Inverted T2-weighted MR 
image. D. Anatomic section (posterior view). 



1 Hippocampal body, cornu ammonis 

2 Hippocampal body, gyrus dentatus 

3 Collateral sulcus 

!' Collateral eminence 

4- Fimbria 

5 Margo denticulatus 

3 Parahippocampal gyrus (subiculum) 

7 Hippocampal tail 

3 Gyrus fasciolaris 

3 Fasciola cinerea 

3 Gyri of Andreas Retzius 

1 Isthmus 

2 Splenium 

3 Temporal stem 

% Temporal horn of the lateral ventricle 

5 Tail of caudate nucleus 

3 Subiculum 

7 Parahippocampal gyrus 

3 Fusiform gyrus 

3 Inferior temporal gyrus 

3 Middle temporal gyrus 

I Parallel sulcus 

I Superior temporal gyrus 

1 Lateral fissure 



24 Transverse temporal (Heschl) gyrus 

25 Postcentral gyrus 

26 Central sulcus 

27 Precentral gyrus 

28 Corpus callosum 

29 Lateral ventricle 

30 Fornix 

31 Caudate nucleus 

32 Internal capsule, posterior limb 

33 Insula 

34 Putamen 

35 Lateral pallidum 

36 Optic tract 

37 Ventral lateral thalamic nucleus 

38 Dorsomedial thalamic nucleus 

39 Ventral posterolateral thalamic nucleus 

40 Red nucleus 

41 Substantia nigra 

42 Crus cerebri 

43 Ambient cistern 

44 Tentorium cerebelli 

45 Pons 

46 Internal ear 




FIG. 3.28. Cont'd. 




FIG. 3.29. Coronal section of the hippocampal tail. A. Three-dimensional drawing. B. T1 -weighted MR image. C. Anatomic section (posterior view). 



1 Hippocampal tail, cornu ammonis 

I Hippocampal tail, gyrus dentatus 

3 Collateral sulcus 

' Collateral eminence 

\ Margo denticulatus 

5 Crus of the fornix 

3 Collateral trigone 

7 Calcar avis 

3 Gyrus fasciolaris 

9 Fasciola cinerea 

3 Gyri of Andreas Retzius 

I Isthmus 

I Splenium 

3 Temporal horn of the lateral ventricle 

\ Tail of caudate nucleus 

5 Parahippocampal gyrus 

' Subiculum 

3 Fusiform gyrus 

7 Inferior temporal gyrus 

5 Middle temporal gyrus 



19 Parallel sulcus 

20 Superior temporal gyrus 

21 Lateral fissure 

22 Supramarginal gyrus 

23 Corpus callosum (splenium) 

24 Crus of the fornix 

25 Lateral ventricle 

26 Caudate nucleus 

27 Internal capsule, retrolentiform part 

28 Pulvinar 

29 Ambient cistern 

30 Wing of the ambient cistern 

31 Quadrigeminal cistern 

32 Superior colliculus 

33 Tentorium cerebelli 

34 Cerebellar hemisphere 

35 Superior cerebellar peduncle 

36 Middle cerebellar peduncle 

37 Pons 

38 Flocculus 




FIG. 3.29. Cont'd. 



70 / Chapter 3 




FIG. 3.30. Coronal section of the hippocampal tail. A. Three-dimensional drawing. B. T1 -weighted MR image. C. Anatomic s« 



1 Hippocampal tail, ct 

1 Hippocampal tail, gyrus dentatus 

3 Gyrus of Andreas Retzius 

X Fasciola cinerea 

5 Gyrus fasciolaris 

3 Corpus callosum, splenium 

7 Crus of the fornix 

3 Calcaravis 

3 Collateral trigone 

) Collateral sulcus 

1 Parahippocampal gyrus 

I Anterior caicarine sulcus 

3 Isthmus 

1 Fusiform gyrus 

5 Inferior temporal gyrus 



16 Middle temporal gyrus 

17 Parallel sulcus 

18 Superior temporal gyrus 

1 9 Lateral fissure 

20 Supramarginai gyrus 

21 Atrium of lateral ventricle 

22 Quadrigeminal cistern 

23 Ambient cistern 

24 Superior collicuius 

25 Tentorium cerebelli 

26 Cerebellar hemisphere 

27 Superior cerebellar peduncle 

28 Middle cerebellar peduncle 

29 Flocculus 

30 Pons 




FIG. 3.30. Cont'd. 
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FIG. 3.31. Coronal section of the hippocampal tail. A. Three-dimensional drawing. B. T1 -weighted MR image. C. Anatomic si 



1 Hippocampal tail, subsplenial gyrus 

2 Corpus callosum, splenium 

3 Calcaravis 

4 Collateral trigone 

5 Collateral sulcus 

6 Parahippocampal gyrus 

7 Anterior calcarine sulcus 

8 Isthmus 

9 Fusiform gyrus 



10 Inferior temporal gyrus 

1 1 Middle temporal gyrus 

12 Parallel sulcus 

13 Superior temporal gyrus 

14 Supramarginal gyrus 

1 5 Atrium of the lateral ventricle 

16 Tentorium cerebelli 

17 Cerebellum 

18 Fourth ventricle 
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FIG. 3.31. Cont'd. 
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AXIAL SECTIONS OF THE HIPPOCAMPUS 

The axial views show six sections progressing from 
upper to lower levels. 





FIG. 3.32. Axial section of the hippocampus. A. Three-dimensional drawing. B. Anatomic section (inferior view). 



1 Hippocampal tail (cornu ammonis) 

I Crus of the fornix 

3 Hippocampal body 

\ Hippocampal head (digitationes hippocampi) 

5 Semilunar gyrus 

3 Gyrus uncinatus 

7 Band of Giacomini 

3 Apex of the uncus 

3 Parahippocampal gyrus (subiculum) 

) Corpus callosum, splenium 

I Anterior calcarine sulcus 

> Calcaravis 

i Collateral trigone 

1 Atrium of the lateral ventricle 

5 Cingulate gyrus 

3 Parieto-occipital fissure 

7 Calcarine sulcus 

3 Middle temporal gyrus 



19 Parallel sulcus 

20 Superior temporal gyrus 

21 Lateral fissure 

22 Lateral ventricle 

23 Fornix 

24 Caudate nucleus 

25 Insula 

26 Putamen 

27 Internal capsule, anterior limb 

28 Internal capsule, genu 

29 Internal capsule, posterior limb 

30 Anterior thalamic nucleus 

31 Ventral lateral thalamic nucleus 

32 Dorsomedial thalamic nucleus 

33 Stria medullars 

34 Pulvinar 

35 Tail of caudate nucleus 

36 Third ventricle 
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FIG. 3.32. Cont'd. 
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FIG. 3.33. Axial section of the hippocampus. A. Three-dimensional drawing. B. T1 -weighted MR image. C. Anatomic section (inferior view). 



1 Hippocampal tail, cc 

2 Hippocampal tail, gyrus dentatus 

3 Gyrus of Andreas Retzius (folds of cornu ammonis) 

4 Margo denticulatus 

5 Cut surface of the fimbria 
5 Fimbria 

7 Hippocampal body 

3 Hippocampal head (digitationes hippocampi) 

9 Semilunar gyrus 

3 Gyrus uncinatus 

1 Band of Giacomini 

2 Apex of the uncus 

3 Parahippocampal gyrus (subiculum) 
i Subiculum (cut surface) 

5 Isthmus 

3 Anterior calcarine sulcus 

7 Collateral eminence 

3 Lingual gyrus 

3 Calcarine sulcus 

3 Middle temporal gyrus 

1 Parallel sulcus 



22 Superior temporal gyrus 

23 Lateral fissure 

24 Insula 

25 Caudate nucleus 

26 Fornix 

27 Claustrum 

28 Putamen 

29 Lateral pallidum 

30 Medial pallidum 

31 Internal capsule, anterior limb 

32 Internal capsule, genu 

33 Internal capsule, posterior limb 

34 Interthalamic adhesion 
34' Thalamus 

35 Third ventricle 

36 Pineal gland 

37 Superior colliculus 

38 Pulvinar 

39 Quadrigeminal cistern 

40 Occipital horn of the lateral ventricle 
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FIG. 3.33. Cont'd. 
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FIG. 3.34. Axia! section of the hippocampus. A. Three-dimensional drawing. B. T2-weighted MR image. C. Anatomic section (inferior view). 



1 Hippocampal body, cornu ammonis 
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FIG. 3.34. Cont'd. 




FIG. 3.35. Axial section of the hippocampus. A. Three-dimensional drawing. B. Inverted T2-weighted MR image. C. Anatomic section (superior view). 
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FIG. 3.35. Cont'd. 
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FIG. 3.36. Axial section of the hippocampus. A. Three-dimensional drawing. B. Inverted T2-weighted MR image. C. Anatomic section (superior view). 
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FIG. 3.37. Cont'd. 
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SAGITTAL SECTIONS OF THE HIPPOCAMPUS 



The sagittal views show six sections progressing from 
medial to lateral levels. 




FIG. 3.38. Sagittal si 
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FIG. 3.38. Cont'd. 







FIG. 3.39. Sagittal section of the hippocampus. A. Three-dimensional drawing. B. T1 -weighted MR image. C. Anatomic section. 
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FIG. 3.39. Cont'd. 
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FIG. 3.40. Sagittal section of the hippocampus. A. Three-dimensional drawing. B. T1 -weighted MR image. C. Anatomic section. 
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FIG. 3.40. Cont'd. 



92 / Chapter 3 




_^ 



FIG. 3.41. Sagittal section of the hippocampus. A. Three-dimensional drawing. B. T2-weighted MR image. C. Anatomic section. 
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FIG. 3.41. Cont'd. 




FIG. 3.42. Sagittal section of the hippocampus. A. Three-dimensional drawing. B. T2-weighted MR image. C. Anatomic section. 
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FIG. 3.42. Cont'd. 
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Fig. 3.43. Sagittal section of the hippocampus. A. Three-dimensional drawing. B. T2-weighted MR image. C. Anatomic section. 
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CHAPTER 4 



Temporal Lobe Epilepsy 



Graeme D. Jackson, Regula S. Briellmann and Ruben I. Kuzniecky 



"To be human is to have the experience of selfhood, a feeling of personal identity. 

Memory is obviously necessary to ensure that the thread that binds our present existence to every c 

remains unbroken. 

[T]o what extent can [the study of temporal lobe epilepsy] . . . further our understanding of human temporal lobe function?" 

Pierre Gloor, The temporal lobe and limbic system, 1997 



s earlier stages 



INTRODUCTION 

The aim of this chapter is to describe temporal lobe 
epilepsy (TLE) as we see it in the MRI era and to highlight 
information that we feel is essential for a proper understanding 
of the information available from MRI and for interpretation 
of this data. 

The last 10 years have seen neuroimaging take on an 
increasingly important role in the management of epilepsy and 
to become essential in the surgical management of epilepsy. 
When one thinks about TLE, the issue of intractability and the 
possibility of surgery for cure of the epilepsy must come to 
mind. This process often starts with an anatomic assessment of 
the brain and, in epilepsy, this means an MRI study specifi- 
cally optimized for the examination of the temporal structures. 

New techniques, imaging sequences and analysis methods 
have appeared that give ever-greater sensitivity for detecting 
abnormalities of brain structure. Neuroimaging has also 
become a powerful and important physiologic probe of func- 
tions that were previously considered entirely the domain of 
electrophysiology. These startling advances are probably 
only the beginning, and future developments appear to offer 
as much excitement as have these past advances, and are 
specifically discussed in later chapters of this book. 

The ever-expanding range of imaging options has also 
brought with it the question of cost-effectiveness of investi- 
gation and treatment. It used to be common practice to 



acquire all investigations in all patients. Increasingly 
patients are being streamlined into phases of investigation, 
with surgery being offered early on in certain well-defined 
categories. Do all patients need interictal and ictal SPECT, 
MRI, fMRI, MRS and PET? 

Increasingly imaging studies are graded, and extra stud- 
ies are based on algorithms that are weighted by what is 
found on MR and other investigations. Like the electroen- 
cephalogram (EEG), MR is not a single investigation. When 
one performs an EEG study, there are screening studies, 
special montages, activation studies (sleep deprivation, 
hyperventilation, and photic stimuli), and then long-term 
monitoring with video EEG. In MR also, multiple sessions 
addressing different issues may be needed in order to 
acquire all of the relevant imaging information. 

Finding a lesion can be easy - being certain that there is 
no causative lesion in the brain can be much more difficult 
and may involve special studies and analytic methods. 



CLINICAL FEATURES OF TEMPORAL LOBE 
EPILEPSY 



The Temporal Lobe: Development and Functions 



The temporal lobe is one of the last areas of the cortex to 
mature (Table 4.1). 50% of temporal lobes are myelinated at 
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Table 4. 1. Brain Development 



Primary neuralation 

Secondary neuralation 

Prosencephalon 

Proliferation 

Migration 

Organization 

Myelination 



3-4 weeks 
4-7 weeks 
2-3 months 
3-4 months 
3-5 months 
5 months-years 
Birth-years 



80 weeks (1). The temporal lobes are important for memory, 
hearing, and language, among other things. As Gloor has 
said, "To be human is to have the experience of selfhood, a 
feeling of personal identity." The temporal lobes may be 
essential for this and therefore essential for the human 
experience. Phylogenetically, the hippocampi subserved the 
purpose of smell and memory for smell may have been 
important for survival; hippocampal memory structures in 
humans may have evolved from this aspect of the olfactory 
system. We are all aware that smell can evoke vivid memo- 
ries still. To study this subject further we refer to the masterly 
work of Gloor, completed and published posthumously (2). 



How Do We Classify Temporal Lobe Epilepsy? 

The International Classification of Epilepsies, Epileptic 
Syndromes, and Related Seizure Disorders recognizes 
several partial or focal epilepsies. TLE is classified as 
symptomatic localization related epilepsy (3) (see chapter 1 
Temporal lobe epilepsy is characterized by seizures origi- 
nating in or primarily involving temporal lobe structures. 
Most clinicians distinguish mesial temporal epilepsy (4) 
from neocortical or lateral temporal lobe epilepsy (5-8). The 
medial structures that are important for the generation of 
seizures include the hippocampus, amygdala, and parahip- 
pocampal gyrus, although hippocampal sclerosis (HS) is by 
far the most common cause of intractable TLE. We discuss 
these in more detail below. 



Seizures, 'Substrates' and 'Axes': A Changing Concept 
in the Imaging Era 

The classification of the epilepsies (3) is based on the 
events associated with the seizure. Hence it is known as an 
electroclinical classification system and focuses mainly on 
the nature of the seizure events. The importance of consid- 
ering substrates of the epilepsies is that the lesions that give 
rise to seizures are virtually not taken into account by this 
classification system. These substrates are present in the 
brain at all times, including in the interictal period. Hence, 
temporal lobe epilepsy, whether caused by a malignant or a 
benign tumour, HS, or focal dysplasia, would be syndromi- 
cally identical. Clearly the disease is different in these cases 
and this has differing consequences for patients and their 



management. There are now attempts to include these data 
by considering the data available along a number of major 
axes. This is discussed in detail in Chapter 1. 



Temporal Lobe Epilepsy: The Clinical Problem 
Definitions 

In clinical practice, one divides intractable epilepsy into 
generalized and partial epilepsy (as described in Chapter 1). 
When the seizures affect consciousness (complex partial 
seizures) the most common site of seizure onset is the tem- 
poral lobe (9-13). Complex partial seizures are defined by 
the part of the brain from which the seizures arise. Therefore 
TLE is defined as epileptic seizures originating in, or pri- 
marily involving, temporal lobe structures (3,14-23). This is 
an important distinction when considering the mechanism 
and further management of these patients, in particular the 
possibility of surgical treatment of the epilepsy. Two major 
types of TLE are usually recognized: mesial TLE (MTLE), 
where the onset of seizures is from the hippocampus, amyg- 
dala, or other medial structures in the temporal lobe, and lat- 
eral (neocortical) TLE (less than 10% of TLE cases), where 
seizures arise from the temporal neocortex. 

Complex partial seizures may also be caused by seizures 
that arise from extra-temporal-lobe structures (16, 24-30), 
often with seizure spread through the temporal lobe. While 
temporal lobe seizures may have isolated neocortical temporal 
or limbic onset without involvement of the other structures, 
in the majority of patients, seizure spread to adjacent areas 
occurs (9, 31-36). 



Seizure Semiology 

Seizures originating in temporal lobe structures are sim- 
ple partial seizures (SPS), characterized by retention of con- 
sciousness and therefore often termed an 'aura', complex 
partial seizures (CPS) characterized by an impairment 
of awareness, and secondarily generalized tonic-clonic 
seizures. 

'Auras' or simple partial seizures are common in mesial 
temporal epilepsy, particularly when the underlying cause is 
HS. In patients with HS, the most common aura is the 
'abdominal aura' or rising epigastric sensation often 
described as nausea, an uncomfortable epigastric sensation, 
or 'butterflies in the stomach.' This sensation is described as 
'rising' into the chest and neck. An unprovoked feeling of 
fear is common and may be present simultaneously with the 
epigastric aura (37). Other auras include deja vu, jamais vu, 
tachycardia and palpitations, olfactory and gustatory hallu- 
cinations, and feelings of depersonalization. Auras or simple 
partial seizures have been reported to occur as part of the 
seizure semiology in 20-90% of patients (9, 10, 13, 38). 
Quesney (31) reported auras in 67% of patients with temporal 
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lobe epilepsy. The reported variations stem from study 
methodology and from patient selection. Some patients may 
report auras during a specific time in their life. Not uncom- 
monly, patients may report variations in auras depending on 
the type of drug treatment and some patients may lose their 
auras with specific drug regimens. 

Among the auras or simple partial seizures, viscerosensory 
(epigastric, abdominal, nausea) and experiential (fear, deja vu, 
etc.) phenomena are the most frequent, occurring in almost 
50% of patients with temporal lobe epilepsy (10, 11, 39-41). 

A commonly quoted aura is olfactory hallucinations 
(42^14); however, in our experience fewer than 5% of 
patients with temporal lobe seizures report this aura. Other 
auras reported in these patients include complex auditory, 
vestibular, and formed visual hallucinations. Motionless 
stare has been reported in many patients during temporal 
lobe attacks. Although previous studies suggested that this 
distinctive behavior is typical of temporal lobe epilepsy 
(18), other studies have not been able to confirm this finding. 
In fact, Quesney (31) found motionless stare in only 24% of 
cases in his series. 

The second type of seizure is the 'complex partial 
seizure.' The phenomenology of the complex partial tempo- 
ral lobe seizures includes a disruption of normal awareness, 
intrusion in the ability to respond to the environment, auto- 
matic behavior, and, commonly, amnesia. Seizure may 
typically begin with arrest of motor activity and a blank 
stare with impaired awareness and responsiveness. Then 
semipurposeful, involuntary, automatic motor behaviors 
(automatisms) develop. Ictal automatisms characteristically 
consist of prominent oroalimentary signs that include lip 
smacking, chewing, salivation, and swallowing. Speech dis- 
turbances (speech arrest, vocalization, humming, among 
others), are also common. Gestural changes and mimetic 
behavior such as grimacing, smiling, or laughing may 
be observed. Finally, many patients will develop hand 
(fumbling, pulling, picking type behavior) or ambulatory 
automatisms (17, 18, 45-50). 

Motor phenomena - in particular, contralateral dystonic 
posturing of the upper limb - are reliable lateralizing findings 
of temporal lobe epilepsy onset (51, 52). Often, the patient 
may manifest automatisms of the contralateral hand during the 
ictal phase. Late and complex head turning is usually not a 
reliable sign of lateralization in temporal lobe because it prob- 
ably reflects secondary spread (31). Following the ictal phase, 
confusion and abnormal behavior with amnesia may follow in 
what is considered the postictal period. Contralateral upper 
extremity hypokinesia is common and short-lasting. 

Secondary generalization may occur in some patients and 
may take different forms (28, 38, 53-55). Secondary gener- 
alization is not typical in TLE. Nose-wipe at end of seizure 
is usually with the hand ipsilateral to the side of the seizure 
and occurs at the ictal-to-postictal transition (56-60). 
Postictal aphasia reliably lateralizes seizure onset to the 
dominant temporal lobe. Postictal anterograde or retrograde 
amnesia also occurs but is not reliably lateralizing. 



Electroencephalographic Findings in 
Temporal Lobe Epilepsy 

Interictal EEG studies in patients with temporal lobe 
epilepsy usually demonstrate anterior temporal or unifocal 
temporal lobe sharp activity (31, 61-67, 68). The occurrence 
of bitemporal independent epileptiform discharges in 
patients with temporal lobe seizures has been reported with 
varying frequencies ranging from 20% to 50% (31, 32, 34, 
61, 69, 70). It is unclear, however, whether this frequency 
reflects a selection bias towards patients investigated for 
possible surgery, who are obviously the most severely 
affected. In the majority of patients, EEG findings may 
suggest lateralization, although not necessarily localization 
of the seizure focus. Anterior temporal and sphenoidal elec- 
trodes may provide a higher yield of positive EEGs and are 
useful for this purpose (9, 71), although the invasive nature 
of sphenoidal electrodes has led to decreased use in the era 
of neuroimaging. Ictal surface EEGs are usually abnormal 
during complex partial seizures of temporal lobe onset. 
Different patterns of ictal EEG abnormality have been 
described, the most characteristic being the presence of atten- 
uation of background activity followed by rhythmic sharp 
activity recorded from the affected temporal lobe (Fig. 4.1). 
This may be followed by contralateral spread of the seizure 
discharges (24, 31, 61, 72-79, 4,68, 80). 

An attempt has been made to subclassify temporal lobe 
epilepsy according to the region of ictal onset (24). This 
classification is based on depth EEG studies and is limited 
by the inherent characteristics of the sampling problem of 
depth electrodes, since only a few electrodes are used for 
recording a seizure originating at a distance but rapid spread 
may be misinterpreted as originating at the nearest depth 
electrode. This subclassification of seizures has not been 
widely accepted but the clinical features that were described 
for seizure onset in different parts of the temporal lobe is 
instructive. Hippocampal-amygdalar seizures are the most 
common (24, 31, 32, 81). Auras occur in 80-90% of patients 
and include deja vu, epigastric sensations, fear, and other 
affective sensations. Consciousness is preserved initially 
but is lost with contralateral seizure spread. Oroalimentary 
automatisms and complex gestural features occur with 
seizure spread. The temporal polar seizures are very similar 
to hippocampal-amygdalar seizures. However, prominent 
early autonomic changes and oroalimentary automatisms 
are more common in this latter type. Auditory hallucinations 
are rare and may be more frequent in seizures arising from 
the lateral posterior neocortical region. Posterior lateral 
temporal neocortical seizures (neocortical TLE) are also 
characterized by vestibular and complex visual hallucina- 
tions. Opercular-insular onset seizures (also neocortical 
TLE) often manifest with auditory and visceral auras and 
prominent visceromotor phenomena. Finally, seizures with 
frontobasal-cingulate origin (again sometimes neocortical 
TLE, depending of the site of seizure origin) typically have 
prominent motor automatisms and loss of awareness. 
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FIG. 4.1. Scalp ictal EEG recording with sphenoidal electrodes of a complex partial seizure characterized by automatisms and confusion. 
The EEG demonstrates rhythmic activity over the right temporal region involving the right sphenoidal electrode (SP 2 ). 



Seizures with these characteristics often arise from the frontal 
lobe and spread posteriorly to involve mesial structures, and 
should not be classified under the temporal group. 



Temporal Origin or Spread to Temporal Structures 
(Temporal Involvement) 



It is clear that these clinical features of seizures, which 
reflect involvement of temporal lobe areas, fall into two 
major groups. One is primary temporal lobe onset seizures 
while the second group consists of seizures arising outside 
of the temporal lobe structures but rapidly and predomi- 
nantly spreading to the temporal lobes. The temporal onset 
seizures then need to be divided into medial temporal onset 
(amygdala, hippocampus, entorhinal cortex and parahippo- 
campal gyrus) and temporal neocortical, as discussed above. 

Because of the impact of MRI, depth EEG studies are 
now infrequently performed in cases of TLE with structural 
abnormality such as HS. Historical data give insights into 
the areas of onset of temporal seizures. Depth EEG studies 
indicate that almost 50% of temporal lobe seizures arise 
from the hippocampus (32, 33, 72, 82-86). Amygdaloid- 
onset seizures are less frequent and may account for approx- 
imately 10% of temporal lobe epilepsy (9, 24, 31, 87-89). 
Neocortical seizures are even less frequent (1-10%). 
Conversely, regional onset (hippocampus, amygdala, and 
temporal neocortex) is common in temporal lobe seizures (32). 
Although they may provide a view of the relative frequency 
of onset of seizures in each region, these figures should be 
interpreted with care since they were derived from depth 



electrode studies, and were carried out with different 
methodologies. 

Another important issue is whether most limbic seizures 
have focal or regional onsets involving single or multiple 
adjacent structures; again the data is variable but up to 
two-thirds of patients may have regional onset depending 
on the methodology and patient population (32). Nonetheless, 
these data support the long-held view that the mesial struc- 
tures are important for the generation or propagation of ictal 
activity in temporal lobe seizures (9, 24). 

The mesial initiation of most ictal patterns in temporal 
lobe epilepsy corresponds to the existence in pathologic 
material of a particular pattern of cell loss and astrocytic 
changes in specific areas of the hippocampus and amygdala. 
These changes are usually defined by the pathologist as 
representing mesial temporal sclerosis or hippocampal 
sclerosis (19, 22, 90-103) (Figs 4.2, 4.3). When only the 
hippocampus can be examined, the diagnosis of HS is made, 
although more widespread pathology may exist. The impor- 
tance of detecting and diagnosing this entity, preoperatively, 
using MRI, in any patient and in particular in potential 
epilepsy surgical candidates, cannot be overemphasized. 
Based on the number of patients referred to specialized 
epilepsy centers, it is clear that complex partial seizures of 
temporal onset constitute the major seizure type. This is 
important because, among the approximately 8000 operative 
procedures for epilepsy carried out worldwide between 1986 
and 1990, almost 60% were temporal lobe resections (35). 
While extratemporal epilepsy based on MRI lesions may 
be more common, these figures are likely to still be true. 
It should be noted here that there are often many psychosocial 
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FIG. 4.2. A. Pathologic specimen demonstrating bilateral hippocampal atrophy with predominant asymmetrical gliosis in one hippocampus. B, 
C. Hippocampal sclerosis. Histologic specimens with Nissl stain (B) and Kanzler stain (C) show the presence of cell loss and astrogliosis in most 
hippocampal subfields, except for CA2 to CA3. (With permission from Meencke and Veith 1 991 (97).) 




FIG. 4.3. Histopathologic features of hippocampal sclerosis on 
hematoxylin and eosin stain. There is loss of neurons in the CA1 , 
CA3, and end folium (CA4) with relative sparing of the CA2 neurons. 
Diffuse gliosis and dispersion of dentate neurons is also seen. 



and adjustment issues for the patient after surgical treat- 
ment. Management of the patient with intractable epilepsy 
needs to involve more than simply a focus on seizures 
(104-108) and references therein. 



PATHOLOGIC FINDINGS IN TEMPORAL LOBE 
EPILEPSY 

Mesial Temporal Sclerosis (Hippocampal Sclerosis) 

Temporal lobe epilepsy is one of the most common med- 
ically intractable seizure disorders. Although often the most 
intractable, the outcome following surgery is best in this 
group. In such cases 70-80% of patients can expect to have 
a good seizure outcome (seizure free or only occasional 
seizures) (19, 21, 35, 54, 94, 109-124). Mesial temporal 
sclerosis is the most common abnormality found in the 
temporal lobes of these patients (11, 22, 96-100, 125-129). 
Mesial temporal or hippocampal sclerosis is generally con- 
sidered to be a highly epileptogenic lesion. It is associated 
with mesial temporal seizures onset. It is usually presumed 
to be associated with the seizure disorder when it is present 
in the clinical context of intractable epilepsy, although it 
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may be present with other identifiable pathology on the ipsi- 
lateral side in about 30% of cases. The reliable identification 
of HS using noninvasive MRI is of vital interest in the con- 
text of epilepsy surgery, and the use of an optimized MR 
technique for the noninvasive diagnosis of this lesion should 
be a mandatory part of the diagnostic workup of patients 
with intractable temporal lobe epilepsy. 

The presence of amygdala sclerosis and gliosis and 
neuronal damage to the uncus and parahippocampal gyrus 
needs to be routinely assessed by MR epilepsy protocol stud- 
ies. Despite major research advances (see later chapters) the 
unique anatomy of the hippocampus has meant that routine 
radiologic assessment of TLE cases continues to be focused 
primarily on the hippocampus. Regional abnormalities can be 
detected using a variety of MR techniques. As MR detection 
of brain abnormalities becomes ever more sensitive, the issue 
of which abnormalities are primary and which secondary and 
nonepileptogenic becomes an ever-increasing problem. 

The terms 'hippocampal sclerosis' and 'mesial temporal 
sclerosis' are often used virtually interchangeably. We prefer 
to use the term 'hippocampal sclerosis' when only the hippo- 
campus is being referred to, and 'mesial temporal sclerosis' 
to mean abnormalities of the hippocampus as well as other 
structures such as the amygdala, entorhinal cortex, and 
parahippocampal region. 

It was not until the imaging era that it was possible to 
assess the degree of bilateral hippocampal damage in life. 
Similarly, the ability to assess whether there are other abnor- 
malities in addition to HS is not possible by examination of 
the resection specimen, because only a limited amount of 
brain tissue is available for examination. To summarize our 
experience with imaging over the last decade or so, in the 
case of damage to the hippocampus we see areas in addition 
to the hippocampus that are abnormal by atrophy or by 
signal change. We also see cases where the abnormalities 
seem to be bilateral, and some in which the emphasis of 
abnormality is clearly lateralized. The MR cases we see are 
summarized in Figure 4.4. In addition, we see HS on its 
own, and with other definite lesions in the brain (Table 4.2). 

This gives rise to the concept of three different types of 
HS (130). The first is when it is classical, as we have con- 
ceived of it since the time of Sommer (131). The second is 
where there are abnormalities in addition to the HS but these 
might be thought of as of a similar type to the HS (atrophy 
and signal changes in tissues beyond the hippocampus). This 
we have called HS+, the 'plus' meaning areas involved addi- 
tional to the hippocampus. The third type of HS occurs in the 
presence of a distinct 'other' pathology such as a focal tumor. 
These we have called +HS, meaning that there is a consequent 
HS, possibly from the effects of seizures on the hippocampus, 
which originated in the 'other' lesion. We imply that the HS is 
secondary, which may or may not turn out to be the case. 
Nonetheless, this is a distinct MR-diagnosable type of HS, 
and one that is recognized with increasing frequency. 

We have prefaced the presentation of the findings on the 
MR scans in these patients with these concepts so that the 
importance of the observations has a context. 
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FIG. 4.4. The types of hippocampal sclerosis seen on MR studies. 
There are various degrees of asymmetric damage. As the ipsilateral 
damage becomes more severe, the more likely it is to find regional 
and contralateral damage of lesser degrees. In the case of the 
symmetric hippocampal sclerosis, the degree of damage equally 
involves regional structures on both sides. This suggests that there 
might be two fundamentally different mechanisms that cause hip- 
pocampal damage, and that the severity of the insult or the vulnera- 
bility of the subject might determine the final outcome. These 
patterns can be conceived of as being caused by seizure or other 
damage that is either lateralized (upper panels) or generalized 
(lower row). 



Mesial Temporal Sclerosis: The Most Important Cause 
of Temporal Lobe Epilepsy 

Terminology 

The terms Ammon's horn sclerosis, mesial temporal scle- 
rosis and hippocampal sclerosis are used almost interchange- 
ably. However, these terms are, strictly, not synonymous 
since the distribution of pathologic changes is different 
between these entities (90, 95, 96, 126, 127). While, patho- 
logically, mesial temporal sclerosis encompasses changes 
in the amygdala, hippocampus and the adjacent entorhinal 
cortex, the term hippocampal sclerosis refers to abnormali- 
ties in the CA1-CA4 areas and in the dentate gyrus and 
subiculum. In Ammon's horn sclerosis, the abnormalities are 
restricted to areas CA1 to CA4 exclusively. When interpret- 
ing pathologic material or MR studies, often only the hippo- 
campal tissue or the hippocampal structure is examined and 
regional changes may only be implied. 



Table 4.2. Hippocampal Sclerosis Variants: 
The Magnetic Resonance Era 



+HS 



HS+ 



Lesion plus HS HS plus other abnormality 

Rarely seen Always ipsilateral Contralateral 

Only with At least 30% Hemisphere 

'tunnel vision' of HS Cerebellum 
techniques 
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FIG. 4.6. Macroscopic specimens in two patients 
with complex partial seizures of temporal lobe origin 
caused by mesial sclerosis. Note severe unilateral 
hippocampal atrophy with temporal horn enlarge- 
ment. 



FIG. 4.5. This is an early study showing increased T2 weighted 
signal in the hippocampal region. Clearly there is some abnormality, 
but to specify hippocampal sclerosis on such images was not possi- 
ble or reliable. Regional abnormality is seen in the right temporal 
lobe (on the left side of the image). 



Since these terms were originally derived from patho- 
logic findings, we should be careful when using MR as a 
method of implying these pathologies; one should not make 
a pathologic diagnosis of mesial temporal sclerosis unless 
abnormalities are demonstrated beyond the confines of 
the hippocampus. Conversely, because MR imaging (and 
sometimes pathologic assessment) often only looks at the 
hippocampus with high sensitivity, it is probable that many 
cases do have more regional abnormalities than is detected, 
as shown in diagrammatic form in Figure 4.4. Often areas 
such as the rest of the temporal lobe or the ipsilateral hemi- 
sphere are affected. Sometimes the changes are general and 
bilateral. In many cases HS is seen with more regional 
abnormality. It is likely that there is a range of causes of this 
damage that looks like an injury. 

The alternative way of using the term 'mesial temporal 
sclerosis' is as a general term that covers any lesion that has 
gliosis as a feature in this region. The MR correlate of this 
can be seen in an early study of TLE (Fig. 4.5), and patho- 
logic specimens (Fig. 4.6) where HS as well as regional 
signal change in the hippocampus is seen. 

The diagnosis of mesial temporal sclerosis is typically 
made in the presence of neuronal loss greater than 30-50% 
cell loss in CA1 of the pyramidal cell layer of the hippo- 
campus (usually a typical pattern of the cell loss is specified) 
(90, 91). This diagnosis is often based only on hippocampal 
evaluation, and often gliosis is not considered essential for 
this diagnosis. Implicit in this diagnosis is the assumption 
that HS is a continuum with severe neuronal loss and gliosis 
end and a small degree of cell loss at the other. Other 
findings are necessarily ignored. The same clinical conse- 
quences are assumed in terms of epileptogenicity. 

Subtypes of Hippocampal Sclerosis 

Since the macroscopic description of mesial sclerosis by 
Bouchet and Cazauvieilh in 1825 (132) and the first histologic 
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FIG. 4.7. Pathologic specimens demonstrating normal hippocampus and subtypes of hippocampal sclerosis. A. Normal hippocampal layers. 
B. Classical Ammon's horn sclerosis with prominent cell loss in CA1 , CA4 and CA3. C. Total Ammon's horn sclerosis with massive cell loss in 
all subfields. D. End-folium sclerosis with isolated cell loss in the end-folium (With permission from Bruton 1988 (127).) 



description of this entity in 1880 by Sommer (131), the 
morphologic changes of mesial sclerosis in temporal lobe 
seizures have been central to the understanding of epilepsy. 
Macroscopically, HS is characterized by an atrophic, small, 
firm hippocampus (Fig. 4.6). 

This abnormality can be bilateral symmetrical or asym- 
metrical or unilaterally localized (Fig. 4.3) (97, 100, 126, 133, 
134). Histologically, HS is characterized by the presence 
of neuronal cell loss and astrocytic proliferation in the fascia 
dentata, Ammon's horn, presubiculum and subiculum 
(Figs 4.7, 4.8). Pathologists have studied this condition, both 
qualitatively and, more recently, using quantitative techniques 
with cell counts. Using qualitative methods, Margerison and 
Corsellis in their classic study (126) divided HS into different 
subgroups. The most frequent form observed in their series 
was classical Ammon 's horn sclerosis with primary nerve cell 
loss in the CA1 and CA 4 sections of the hippocampus with 
least damage to the CA2 regions. Less commonly, there is 
widespread cell loss through the entire hippocampus labeled 
total Ammon 's horn sclerosis (Fig. 4.7). The third type is 
termed end-folium sclerosis, where cell loss is restricted to 
that region (Fig. 4.9). 




FIG. 4.8. Anterior versus posterior hippocampal cell loss. A, B. Cell 
loss is restricted to the anterior hippocampus with sparing of the 
posterior region (B). C, D. In contrast, C and D demonstrate minimal 
cell loss in the anterior hippocampus (C) with severe loss in the pos- 
terior section. (With permission from Babb et al. 1997.) 
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FIG. 4.9. End-folium sclerosis with minimal cell loss in CA3. Normal 
hippocampus (A) and TLE (B) showing primary cell loss in the CA4 
region of the hippocampus. (With permission from Margerison and 
Corsellis, 1966(126).) 

In his classic review of the pathology of temporal lobe 
epilepsy, Bruton (127) reported that 43% of cases demon- 
strated mesial sclerosis without other pathology. Among 
those patients, 57% of the specimens had classical sclerosis 
while 39% had total sclerosis, and only 4% had end-folium 
sclerosis. In addition, he reported (127) that 27% of these 
patients demonstrated damage in the adjacent fusiform 
gyrus and that 76% of specimens revealed amygdaloid cell 
loss and gliosis. This is consistent with the findings from 
other studies (88, 98). 

The degree of neuronal cell loss is variable but is typi- 
cally defined as being more than 50% in the presence of 
gliosis (88, 92, 97, 98). However, a 25% cell loss in the hip- 
pocampus with associated gliosis has been described (92) 
and may also represent significant hippocampal damage. 
It is unlikely that the hippocampus is damaged in such a way 
that either 50% of neurons are lost (a common definition of 
HS) or no damage has occurred. 

Hippocampal damage may either be a continuum, HS 
being a level of damage that can unequivocally be detected 
visually by a histopathology, or there may be different types 
of damage that cause different degrees of change in the 
hippocampus, and these have different clinical meanings. 



This issue is a difficult one and as techniques become more 
sensitive the significance of subtle changes is important. 
For example, studies have shown subtle changes in the 
hippocampus on the contralateral side to classical HS, and in 
the ipsilateral hippocampus when the seizures originate in 
areas other than the mesial temporal lobe (135, 136). This 
damage may reflect secondary, possibly less epileptogenic 
effects of seizure spread. We need at present to keep an open 
mind about whether minor degrees of abnormality mean the 
same thing as classical changes. 

Our MR experience leads us to believe that the pathologic 
entity of HS really comprises a range of abnormalities that 
have different features and different meanings in terms of 
seizure generation or secondary seizure effects depending 
on the context in which they are found (e.g. atrophy without 
signal change seems to suggest secondary effects in the hip- 
pocampus and may or may not be the primary epileptogenic 
lesion, while atrophy with signal change almost always 
appears to be highly epileptogenic). The different MR features 
of HS could facilitate a new way to evaluate and classify 
different types of hippocampal damage complementary to the 
pathologic evaluation of a resected specimen. 



Quantitative Cell Counts 

The reported incidence of pathologically verified HS in 
resected temporal lobe specimens is variable but ranges 
between 49% and 70% (90, 91, 127). Although method- 
ologic differences and patient selection could considerably 
affect these numbers, the percentage of patients with this 
pathology has been remarkably consistent in all studies, even 
given different population bias, surgical versus nonsurgical 
groups, and using MR techniques of diagnosis compared to 
pathologic diagnosis. The incidence of HS in children had 
been considered to be different from that in the adult popula- 
tion but some studies suggest that this may not be the case 
(137-140). Therefore, it is likely that the quoted frequency is 
an accurate reflection of the biology of this disorder. 

The best correlation can be found in the frequency of HS 
among autopsy studies of patients with temporal lobe 
epilepsy. Sano et al. (100) found HS in 58% of cases with 
temporal lobe seizures and Margerison et al. reported HS 
in 65% of autopsied cases (126). It is important to mention, 
however, that the diagnostic criteria of temporal lobe 
epilepsy used in some of these studies are not comparable to 
the one presently in use. It is likely that some patients with 
extra-temporal-lobe epilepsy were included in those earlier 
studies. Nonetheless, most studies are consistent in indicat- 
ing this high frequency of HS in temporal lobe epilepsy. 



Hippocampal Sclerosis in the Normal Population 



Hippocampal sclerosis, even as defined by pure pathologic 
criteria, is not exclusively associated with temporal lobe 
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epilepsy. Some authors have quoted frequencies of HS in 
autopsy series of patients with different forms of seizures as 
ranging from 20% to 80% (134). HS has not usually been 
found in MR series of normal controls, although there may be 
an incidence of typical HS in controls without epilepsy (141). 
This finding needs to be replicated in other centers but asymp- 
tomatic HS may exist. HS without epilepsy has also been 
described in relatives of temporal lobe epilepsy patients (142). 

The problem with these figures is that both the pathologic 
and MR criteria for defining the entity and the patient popula- 
tions need to be strict. Certainly, there are patients with HS 
who seem to have mild, easily controlled epilepsy and may 
never have been diagnosed as having epilepsy. We have per- 
sonal experience of following several of these individuals over 
many years. While all we know of have had seizures without 
medication, at least one had mild complex partial seizures and 
managed to deny this while living an active employed life into 
his thirties. Medication abolished all events. 

Meencke (97) and Peiffer (133, 134) have consistently 
found the frequency of HS in the general epileptic population 
at autopsy to be approximately 30% and insist there is an inci- 
dence of this entity in the normal population. Other autopsy 
studies indicate that up to 10% of controls (individuals without 
epilepsy) may have at least a subtle degree of HS (133, 134). 



Hippocampal Sclerosis and the Epileptic Focus - What 
Makes it Epileptogenic? 

Is HS itself an epileptogenic lesion? The answer to this is 
unequivocally yes. Are all degrees and types of hippocampal 
injury equally epileptogenic? As we have discussed above, 
there is evidence that not all damaged hippocampi have the 
same degree of epileptogenesis. 

The patterns of cell loss in other conditions that produce 
hippocampal damage are different: in anoxic or other 
injuries, the entire CA fields may be damaged, including the 
presubiculum. The mechanisms underlying hippocampal 
damage in both epilepsy and ischemia may be related to the 
presence of high concentrations of glutamate receptors in 
CA1, CA3, and the dentate gyrus (143-149), which suggests 
that neuroexcitotoxic damage, and hence selective cell loss, 
may be an important part of the etiology of epileptogenic HS. 

A number of other factors also seem to be important in 
the genesis of epilepsy in HS. Among these factors, the age 
at the time of initial precipitating injury and the type of 
insult may play an important role, although the mechanism 
for this is still unclear. Numerous studies indicate that pro- 
longed febrile convulsions and status epilepticus occurring 
between ages 3 months and 7 years are crucial; below or 
above these ages, the subsequent course may be different 
(12, 13, 20, 23, 29, 49, 54, 94, 128, 150-153). It is therefore 
likely that injury occurring during a crucial window at an 
early age produces intrinsic reorganization of the hippocam- 
pus with the possibility of disruption of the normal balance 
between excitatory and inhibitory mechanisms (154-156). 



Findings in human HS also suggest the presence of 
anomalous reorganization of mossy fibers in CA1, CA2, and 
subiculum. In fact, excessive GABA-ergic input may remain 
in human HS, facilitating initiation and propagation of 
seizure discharges (154, 157-159). It appears unlikely that 
HS exists in isolation, and other structures may therefore be 
as important for the generation and propagation of seizures 
in temporal lobe epilepsy. The failure of selective hip- 
pocampal lesions or even hippocampal removal to ablate 
seizures and the common persistence of auras after selective 
or radical temporal lobe resections is strong evidence for the 
role of other structures in temporal lobe epilepsy. 



Amygdala Sclerosis 

Gloor (9) has pointed out that the amygdala (and the 
entorhinal cortex) may play an important role in mesial scle- 
rosis. Several lines of evidence support this contention. 
First, pathologic data (despite the difficulties of assessment 
due to the architecture of the amygdala) have repeatedly 
demonstrated neuronal loss and gliosis in the amygdala in 
the temporal lobes of patients with intractable epilepsy 
resected at surgery (12, 19, 94, 1 27), ranging from 50% to 
75% (12, 88, 127). Second, surgical studies carried out at the 
Montreal neurologic institute indicate that removal of parts 
of the amygdala may be as important as resection of the hip- 
pocampus (9, 115, 160). Finally, imaging data derived with 
MRI have demonstrated the presence of signal changes and 
volume reductions both in association with HS and inde- 
pendently when the hippocampus has been assessed as nor- 
mal (161-164). The quantification of this volume loss and 
signal changes may be as important for the amygdala as it 
has been for the hippocampus (165-172). This suggests that 
the amygdala can be both involved in the seizures of mesial 
temporal lobe epilepsy and an independent source for 
seizure generation. 



Bilateral Hippocampal Sclerosis 

Another important issue concerns the presence of unilat- 
eral and bilateral HS. As discussed above, autopsy studies 
have shown a variable incidence. Meencke (97) found bilateral 
lesions in 56%, while Sano et al. (100) found that 86% of 
brains of patients who died with epilepsy had bilateral HS. 
In contrast, Margerison and Corsellis (126) found bilateral 
lesions in only 47% of patients in their series. In some of 
these studies, the changes were restricted to the hippocam- 
pus in one-third of the specimens, underscoring the fact that 
HS was detected in the context of widespread injury. In fact, 
when predominantly unilateral HS was encountered, it was 
more restricted than in the bilateral cases. These studies 
have also suggested that bilateral lesions are more common 
with early perinatal disturbances (173), whereas, with late 
injuries, unilateral lesions were more common. In the group 
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of patients with postnatal and early childhood lesions, 56% 
demonstrated bilateral lesions while 44% had unilateral 
pathology. In summary, pathologic data suggest that HS 
may be unilateral but often may occur bilaterally or asym- 
metrically, depending on the type and time of injury. 

These pathologic data are supported by the findings using 
MR methods (162, 174-177, 130). To detect bilateral disease 
of the hippocampus, a technique of quantification is impor- 
tant (166, 178-180), as visual assessment relies heavily on a 
comparison between the ipsilateral and contralateral sides. 
T2 relaxometry demonstrates bilateral, usually asymmetri- 
cal changes in a similar proportion to that predicted by 
pathologic studies (135, 136). 

It is clear that the majority of patients with intractable 
temporal lobe epilepsy referred for surgical intervention 
have mesial temporal sclerosis. The classic form appears to be 
strongly associated with an antecedent history of atypical 
febrile convulsions during childhood. These patients usually 
follow a rather characteristic clinical course, have often 
unilateral EEG findings, and outcome following surgery is 
excellent. Although the hippocampus itself has been the focus 
of our attention, other structures including the amygdala and 
parahippocampal gyrus probably play an important role in this 
condition. The present and future role of MRI in the anatomico- 
pathologic dissection of these pathologies is therefore substan- 
tial. As the sensitivity of MR increases the populations that are 
studied may also change. Many of these issues were well 
known, although the knowledge about these conditions was 
largely derived from anatomicopathologic correlations. The 
major advance with imaging is that this knowledge can be 
applied to the living patient with MR studies that can detect 
these pathologically defined abnormalities. Beyond this, MR 
studies allow us to extend these historical observations as we 
can examine whole populations noninvasively. 



MAGNETIC RESONANCE IMAGING OF 
TEMPORAL LOBE EPILEPSY 

Commissions of the International League Against 
Epilepsy: Recommendations 

Who Should Have an MRI? 

The Commission on Neuroimaging of the International 
League against Epilepsy (ILAE) (181, 182) recommends 
that "[i]n the non-acute situation, the ideal practice is to 
obtain structural neuroimaging with MRI in all patients with 
epilepsy, except in patients with a definite electroclinical 
diagnosis of idiopathic generalized epilepsy (benign 
myoclonic epilepsy of infancy, childhood absence epilepsy, 
juvenile absence epilepsy, juvenile myoclonic epilepsy), or 
benign epilepsy of childhood with centrotemporal spikes." 
Even these excluded syndromes may offer a surprise, and 
numerous cases where structural abnormalities are found in 
these electroclinical syndromes have now been reported. 



What Sequences Should be Done? 

The Commission on Neuroimaging of the ILAE states that 
"MRI is essential for presurgical evaluation. ... Epilepsy 
surgery should never be contemplated without an MRI 
examination, apart from exceptional circumstances such as 
a specific contraindication (e.g. cardiac pacemaker)." They 
recommend that a minimum of both Tl- and T2- weighted 
images be obtained and a three-dimensional volume acqui- 
sition with images be obtained or examined in coronal and 
axial orientations. It is clear that epilepsy is a specialist 
study in MRI and a 'routine' MRI study is not adequate for 
the problem of epilepsy surgery. The exact protocols will 
change with advances in technology as discussed in this 
volume (183). 



Defining the Seizure Focus 

The seizure focus in partial epilepsy has long been con- 
ceived of as having a brain abnormality, 'the epileptogenic 
lesion'; a pacemaker zone necessary for seizure generation, 
'the ictal onset zone' ; and a region of the brain that gives rise 
to the expression of the seizures, 'the symptomatogenic 
zone'. (These concepts are discussed in more detail in 
Chapter 1). 

Clinical seizures, virtually by definition, demonstrate the 
symptomatogenic region of seizure involvement. This is the 
area of the brain that gives rise to clinical symptoms and is 
often a pointer to the area of the brain involved in seizures. 

Prior to imaging techniques, EEG was the main way 
to tell what part of the brain was generating the seizures 
(Fig. 4.1). The EEG from the scalp reflects both the site of 
onset of seizures and its electrical spread. Although it has 
excellent resolution for the timing of events, EEG has poor 
sensitivity and poor spatial resolution. By the time electrical 
discharges are seen on the scalp recording, they may be a 
distance away from the 'seizure focus'. 

Intracranial EEG is used to increase sensitivity, speci- 
ficity and spatial resolution and hence is important in seizure 
surgery programs. It involves a major operation, and atten- 
dant risks, and still has a number of important drawbacks. 
It is primarily limited by the relatively small area that can be 
sampled. In imaging terms it has a very narrow field of view 
and it effectively ignores what is occurring away from the 
sampled area. For such a highly invasive diagnostic test it 
often does not provide definitive information (184). In the 
imaging era, intracranial studies are usually reserved for 
increasingly complex epilepsy. 

The advent of MRI, ictal single-positron-emission com- 
puted tomography (SPECT) and positron-emission tomog- 
raphy (PET), and optimized imaging strategies has added 
direct noninvasively acquired knowledge about the lesions 
that are present in the brain of patients with epilepsy. These 
methods can also deliver information about focal brain 
activity as well, as is discussed in Chapter 1 1 . 
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The purpose of defining the seizure focus is to remove 
it surgically and 'cure' the epilepsy. Increasingly, good out- 
come from seizures is seen to depend on complete resection 
of epileptogenic lesions over and above the ictal pacemaker 
zone, when this can be identified. The selection of surgical 
candidates increasingly depends on the presence of a struc- 
tural abnormality and then confirmation of the epileptogenic 
nature of these abnormalities with functional methods such 
as ictal EEG and SPECT studies (185). Still, many cases of 
partial epilepsy appear to have no identifiable focal abnor- 
mality even in the best imaging and image interpretation 
centers. Part of this may result from the insensitivity of our 
methods, and part from the fact that the biology of seizure 
generation is not conveniently focal. MR methods are giving 
us a way to tackle these issues. 

Mesial Temporal Sclerosis: Diagnosis with Magnetic 
Resonance Imaging 

Generations of epileptologists have been fascinated with 
the issues that surround HS, including its origins and its 
causal relationship with epilepsy. Like many areas of sci- 
ence, the strongest opinions exist when the data is weakest. 
MRI has given us new insights into many of the questions 
that surround HS because it has given us new and com- 
pelling data. In some well studied cases, HS can be observed 
in relation to the onset and development of both the seizure 
process and the hippocampal damage. These privileged 
observations, in life, of patients with HS, including those not 
operated on, provide us with new insights into disease 



pathogenesis that are not possible with postsurgical or post- 
mortem data. We therefore now reflect on a decade of obser- 
vations in the MR era and bring together some of these 
findings into our current understanding of HS. 

As we have discussed when reviewing the pathology of 
TLE with HS above, HS must be thought of as damage to the 
formed hippocampus (156). Pathologically it consists of loss 
of normal tissue (neuron loss and macroscopic atrophy) and 
gliosis and reorganization. In other words, it is a scar that 
appears to have occurred after the hippocampus was formed. 
Whether the event that caused this damage occurred in utero 
(making HS a 'developmental lesion') or after birth (an 
'acquired lesion') is largely a semantic rather than an etio- 
logic argument. A similar pattern of 'damage' can be induced 
in a range of animal models and human disease from a vari- 
ety of stimuli that can be considered to be neurotoxic. 

If we accept that HS is damage to the hippocampus, long- 
standing questions remain: What is or are the origins of HS? 
What is the mechanism of damage? When does the damage 
occur? What is the role of other lesions? Why is it often uni- 
lateral? We believe that answers to many of these questions 
are taking shape. 

Imaging of the Normal Hippocampus 

The hippocampus is in many ways an ideal structure 
for MR to examine. It is well defined, it has a convenient 
longitudinal orientation so that cross-sectional imaging gives 
an excellent view of its structure even with relatively thick 
slices, and MRI-pathologic correlations are possible because 




FIG. 4.10. A. The imaging axis typical for CT scanning is shown in this image. The location of the eye more laterally is approximated by the 
circle. This axis covers the brain in the minimum number of slices and does not directly expose the eye to radiation. This minimizes radiation 
exposure, particularly to the eye when compared to other axes. B. Parasagittal image showing the hippocampal axis. This is approximately 
perpendicular to and along the long axis of the brain stem. 

Continued 
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al landmarks are used, the hippocampal axis is along the long axis of the hippocampus and perpendicular to 
is similar to that shown in B. The eye is seen in this parasagittal image. D. If an image is taken in the plane shown 
in C, both hippocampi can be seen in the medial part of the temporal lobe. E. In this axis the coronal images cut through the hippocampus at 
right angles, giving the clearest possible assessment of size and internal structure. F. Parasagittal image through the hippocampus. 



surgical removal is undertaken for the treatment of epilepsy. 
All this leads to great sensitivity and specificity in the MR 
assessment of the hippocampus, if the radiography of image 
acquisition and experience in interpretation are available. 

The orientation of the hippocampus within the brain is 
shown in Figure 4.10. The traditional orientation of images is 
shown in Figure 4.10A. This axis was established in the CT 
era and allows coverage of the whole brain in the minimum 



number of slices and avoiding the radiation-sensitive lens of 
the eye. This orientation is familiar to most radiologists. The 
orientation of the 'hippocampal axis' is shown in Figure 4.10B 
for comparison, and roughly corresponds to the long axis of 
the brain stem. It is best to orient coronal images perpendicular 
to the long axis of the hippocampus (Fig. 4. IOC) and the axial 
images, or reconstructions, are done perpendicular to the 
coronal images. The normal hippocampus in representative 
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FIG. 4.11. Parasagittal image showing the indentations of the den- 
tate at the inferior border of the hippocampus. In very thin slices this 
can give apparent asymmetry. 

axial (Fig. 4.10D), coronal (Fig. 4.10E) and parasagittal (Fig. 
4.1 OF) orientation are shown. Note that the whole length of the 
hippocampus can be seen in a single axial slice. In some 
cumstances these can be very important images. 

The hippocampal axis is excellent for imaging most ol 
the subcortical and temporal lobe structures (186). The 
parasagittal images (Fig. 4. 1 1 ) show an important feature ol 
the hippocampus - the indentations of the dentate on its 
inferior border. If thin images are taken, apparent asymme- 
try of the hippocampus in some slices can be attributable to 
the fact that the section passes through a different part ol 
these indentations. Most images in this chapter are acquired 
in this orientation. 

Methods of Detecting Pathology Using 
Magnetic Resonance: Principles 

As described in previous chapters, conceptually, the 
detection of pathology by MRI in general, and of mesial 
sclerosis in particular, may be performed in three ways: 

• The visual detection of abnormal tissue quality by 
contrast between normal and abnormal tissue. Signal is 
used to reflect the fact that the tissue composition is in 
some way abnormal. To do this, we can emphasize Tl or 
T2 relaxation times, MR spectroscopy, diffusion- 
weighted imaging, diffusion tensor imaging, or any other 
method of interrogating the makeup of brain tissue 

• The visual detection of morphologic changes of a 
structure, which can demonstrate changes in size or 
appearance that reflect the underlying pathology 



BOX 4.1. The MRI Features of Hippocampal Sclerosis 



MORPHOLOGIC 

■ Atrophy 

■ Altered internal structure 

SIGNAL 

■ Increased T2 -weighted signal intensity 

■ Decreased Tl -weighted signal intensity 



• Advanced image analysis methods (dealt with in detail in 
Chapter 8). 

We will discuss the details of the major MRI techniques, 
which have enabled the reliable noninvasive diagnosis of 
mesial temporal sclerosis and in particular of HS (187, 
1881, 62). 



Magnetic Resonance Features of Hippocampal Sclerosis 
that Allow a Visual Diagnosis 

In line with our principles, stated above, the features of HS 
will include studies that demonstrate abnormality of the tissue 
composition, and abnormalities of morphology (Box 4.1). 



Changes in Tissue Signal 

Abnormal Hippocampal T2-Weighted Signal 

Visual analysis of T2-weighted changes was the first 
method that demonstrated a correlation between hippocam- 
pal pathology and MR-detectable signal abnormality (Fig. 
4.5) (162, 189-193). 

In images that were not coronal in the hippocampal axis, 
regional signal change was more likely to be from gliosis or 
a foreign tissue lesion than HS. With optimized images it is 
clear that the signal can be seen to arise in the hippocampus 
itself (Figs. 4.12, 4.13). High signal in the mesial temporal 
region can occur from lesions in the parahippocampal gyrus, 
foreign tissue lesions, and hippocampal dysplasia (see below). 
Typical concern in interpreting hippocampal T2 signal is 
partial volume from the surrounding cerebrospinal fluid 
(CSF). This is largely dealt with by using fluid-attenuated 
inversion recovery (FLAIR) images (Fig. 4.14) where the 
CSF signal is nulled (dark). These images make the signal 
change more obvious, but it can usually be identified in the 
T2-weighted images. Another concern in the medial tempo- 
ral region is high signal from flow artefact from flow in 
the carotid arterial system (Fig. 4.15), which can usually be 
easily recognized as such, and a number of focal high-signal 
areas such as fluid in the hippocampal fissure, which is a 
normal finding (Fig. 4.16). 

Problems in interpretation often stem from a failure to 
appreciate the anatomy of the hippocampus. Correlation with 
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FIG. 4,12. Increased signal is seen in the heavily T2-weighted 
image (A) and the proton-density image (B). The MR shows typical 
hippocampal sclerosis on the left in a patient with TLE. This girl has 
the clinical history that is consistent with the idea of a syndrome of 
mesial temporal sclerosis. She had a prolonged febrile convulsion at 
1 2 months of age, a silent period, and then her first seizure at 7 years 
of age. Her development was normal, VIQ 79, PIQ 94. Quantitative T2 
and MRS were abnormal on the left. 



the anatomical images can usually clarify where the signal 
abnormality arises. Orientation of the imaging slice perpendi- 
cular to the long axis of the hippocampus avoids significant 
partial volume effects in most cases. Once it is appreciated that 
one can have confidence in abnormal signal if it is anatomi- 
cally localized to the hippocampal gray matter, the abnormal 
signal as a feature of HS is generally easily appreciated. 

Although the abnormal T2 signal is a reliable finding for 
HS, one needs to be aware of a number of common prob- 
lems. A problem may arise from the presence of normal 
dilatation of the hippocampal fissure. Although this may be 
incorrectly diagnosed as a high signal from the hippocam- 
pus, it is rare for it to be mistaken for HS in experienced 
hands. Lastly, bilateral hippocampal T2 signal abnormalities 
may be present which may create difficulties because of the 
lack of a contrast or control for comparison. These and 
other problems are usually resolved by using clearly defined 



criteria for the diagnosis of HS in optimized images or by 
using more advanced methods of analysis or quantification 
when doubt exists. 

Using optimized T2-weighted sequences (orientation and 
sequence) including CSF-nulled sequences such as the 
FLAIR sequence (194—201), one can easily detect the pres- 
ence of increased signal from the hippocampal body. The 
high signal is localized to the hippocampal gray matter and 
usually can be seen in the middle of the structure if one uses 
the corresponding Tl -weighted image for definition of 
anatomical detail (162, 175, 188, 202-204). 

High signal on T2-weighted (including FLAIR images) 
has proved to be very reliable and sensitive, in experienced 
hands, for the detection of HS (174, 175, 202, 204). The 
quantification of T2 relaxation times has also confirmed that 
T2 signal abnormality is almost invariably present with HS 
even when this cannot be seen by visual analysis. 
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FIG. 4.13. Three examples of right hippocampal sclerosis are shown in A and three examples of left HS in B. The T2 map is shown on the left 
and the T2-weighted image on the right. Only one image from each set of coronal images is shown. Note the signal characteristics in the 
al hippocampi. 
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FIG. 4.14. Coronal FLAIR imaging through the length of the hippocampi in a patient with temporal lobe epilepsy. There is bilaterally increased 
FLAIR signal in both hippocampi, worse on the right. There was unilateral right hippocampal changes on T2-weighted imaging. The patient was 
operated successfully on the most abnormal (right) side. He is seizure-free after surgery. 
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FIG. 4.15. T2 artefacts can occur, and can be a particular problem when interpreting subtle changes in the hippocampus and in the anterior 
temporal lobes. There is artifact that arises from the flow in the arteries at this level. This gives artifact from left to right across the temporal lobes 
in the phase encode direction. There is variation in the intensity of the tissue effects, but note that the contrast between the gray and white matter 
is maintained even in the presence of this artifact. This type of artifact should be easily recognizable and not confused with real signal change 
in the hippocampus. 



Hippocampal Signal Hypoii 
Images 



n Tl -weighted 



The use of a heavily Tl -weighted sequence is, in our 
experience, a valuable sequence to study HS. Currently, 
despite the time and coverage issues, we often use inversion 
recovery as part of our epilepsy protocol as we believe it 
provides information not seen on our three-dimensional or 
other Tl -weighted sequences (Fig. 4.17A). It would be rea- 
sonable though to only run this sequence if the hippocampus 
looks normal or equivocal on other sequences in the context 



of a diagnosis of TLE. The atrophic hippocampus often 
demonstrates decreased signal with a dark appearance and 
this corresponds to the high signal on T2-weighted 
sequences (Fig. 4.17B). We have not found a major dissoci- 
ation between T2 signal increase and Tl signal decrease and 
believe they show the same pathology but with sometimes 
different sensitivity. The inversion recovery sequence can 
be thought of as doing the job of increasing the sensitivity 
of Tl images for this feature of signal abnormality. One of 
the advantages of the sequence is that it gives excellent 
anatomical definition for assessment of atrophy at the same 




FIG. 4.16. These images show examples of normal hippocampi on T2 weighted images in control subjects. In all there are small focal areas of 
increased signal. This represents fluid in the incompletely obliterated hippocampal fissure and is a normal finding. These small areas do not 
change the average T2 relaxation time in the hippocampus. These are normal variations and not pathological. 
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FIG. 4.16. Cont. 



time as providing information about signal that is usually 
not present on typical Tl volume sequences. 

The use of Tl and T2 contrast really achieves the same 
purpose. It is a means of identifying the fact that the tissue is 
abnormal in some way. In cases where there is abnormal 
morphology (atrophy) but apparently normal signal, such 



sequences may add valuable information. There seems little 
doubt that HS with atrophy and signal change is classic 
epileptogenic HS (Fig. 4.18). We often argue that atrophy 
without signal change on optimized images may indicate a 
nearby epileptogenic focus that is causing secondary change in 
the hippocampus rather than being a primarily epileptogenic 




FIG. 4.17. A. Classical hippocampal sclerosis. This is a heavily T1 -weighted (inversion recovery) coronal image that shows low-intensity signal 
from the left hippocampus (arrow). The abnormal signal appears in the center of the structure, in the atrophic hippocampal tissue surrounded 
by the alveus. Compare with contralateral hippocampus, which is normal in size but has some decreased signal in the CM and end-folium 
regions. B. T2-weighted coronal image showing high-intensity signal from the left hippocampus (arrow). The high signal is localized in the center 
of the structure, which is atrophic. Visually, comparing it with the contralateral hippocampus emphasizes these features. 
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FIG. 4.18. Hippocampal sclerosis. Coronal image through the hippo- 
campal body showing unequivocal right hippocampal atrophy. The 
right hippocampus is atrophic and flat when compared to the normal 
left side. The ipsilateral temporal horn is enlarged. Note that there is 
also right temporal neocortical atrophy and subtle signal change in 
the temporal white matter. 



lesion. If the assessment of signal change in the hippocam- 
pus is insensitive then this distinction is clearly not possible. 
We interpret subtle quantitative signal change, which is not 
evident on visual inspection in the same way. 



Changes in Morphology 

Hippocampal Atrophy 

Since the anatomy of the hippocampus and adjacent lim- 
bic structures is complex, one should use the appropriate 
imaging planes to correctly visualize these structures, as dis- 
cussed above. It must be remembered that the hippocampus 
is like a sea-horse in shape, parts of it curving around the 
mesencephalon with a superior rostrocaudal angulation of 
approximately 30-35° (see Fig. 4. IOC). In addition, each of 
its segments (as shown in Chapter 3 and Fig. 4.10, above) 
has a slightly different orientation: the head and tail are ori- 
ented more transversely while the body is more sagittal in 
orientation. 

Using MRI, the assessment of the cross-sectional size of 
the hippocampus must be made in images obtained in the 
coronal axis that transects the hippocampus at right angles, 
known as the hippocampal axis (see Fig. 4.10). Using this 
angulation largely avoids partial volume effects, in particu- 
lar in the posterior sections of the body and tail of the hip- 
pocampus. While assessment of epilepsy has adopted this 
coronal plane in most centers, axial imaging is usually 



ignored. Axial images or reconstructions should also follow 
the long axis of the hippocampus, thus avoiding similar 
problems. 

Visual assessment of hippocampal atrophy is the first fea- 
ture that many radiologists use to assess the hippocampus. 
This feature was initially questioned because of its subtle 
nature, often being attributed to normal variation and head 
tilt in the scanner and variation in normal imaging (see Fig. 
4.18). The MR era made many challenges to radiology: a 
new level of anatomical knowledge was needed and princi- 
ples from plain film radiography, where subtle variations in 
side-to-side size could have many artifactual causes, meant 
that these subtle changes were cautiously and conservatively 
interpreted. The normal appearance of the hippocampus is 
shown in Figure 4.19. 

Visual assessment of optimally oriented images enables 
this feature to be reliably recognized in most cases, and with 
high sensitivity (162, 175, 188, 193, 202, 204, 205). 
Volumetry confirms the presence of this atrophy (112, 116, 
206-21 1) and is discussed in more detail below. Cases with 
predominantly unilateral atrophy and proven HS are shown 
in Figure 4.20. 

The visual assessment appears to be almost as good as 
volume estimation of hippocampal size in detecting hip- 
pocampal atrophy in experienced hands. For some time, 
many centers relied on quantitative measurement of the hippo- 
campus to assess hippocampal atrophy. This has had the 
effect of allowing calibration of the sensitivity of visual 
interpretation and centers such as ours do not use volume 
measurement for clinical purposes (212-220). Atrophy as a 
single feature of HS will be found in more than 80-85% of 
cases using optimized images and visual inspection alone 
(130, 221, 222). 

While the pattern of posterior-to-anterior distribution of 
the volume loss in HS may be important in some cases, such 
as postictal psychosis (Fig. 4.21), in general the pattern of 
HS has not proven to be an important predictor of pathology 
subtype, clinical outcome or associated aetiology (207, 223, 
224). 



Loss of Definition of Internal Architecture of the 
Hippocampus (Internal Structure) 

Normal internal morphologic structure of the hippocam- 
pus is produced by the alveus, the molecular cell layer of the 
dentate gyrus, and the pyramidal cell layer of the cornu 
ammonis, and can be seen on optimized coronal MR 
images. The hippocampus can be thought of as like a Swiss 
(jam or jelly) roll (Fig. 4.22), with its neuronal layers rolled 
up in the medial portion of the temporal lobe. In this anal- 
ogy the neurons are the jam and the white matter is the 
sponge cake, as shown in the diagram and histologic section 
of the normal hippocampal internal structure (Fig. 4.23). 
These features can be clearly seen both in histologic sections 
and in optimized MR images (Fig. 4.24; see Figs. 4.17A and 




FIG. 4.19. A T1 -weighted sequence through the whole length of the hippocampus in a normal subject (3T, 250 FOV 512 x 256 slice 2 m 
gap FSPGR T R 14TE2.8T1500 Flip20°1nex).The expected symmetry of the hippocampus is seen. 



Fig. 4.10, where the internal structure can be clearly seen in 
the contralateral hippocampus). 

Special surface coils placed on the temporal lobe can 
increase signal-to-noise, and spatial resolution, and has been 
used to show these features (225). By comparing the features 
seen in histologic sections with these MR images, it is clear 
that we can see these internal features of the hippocampus in 
images optimized to demonstrate this (Figs 4.24, 4.25). 

In HS, loss of this normal internal structure is a conse- 
quence of neuronal cell loss and replacement of normal 
anatomical layers with gliotic tissue (Fig. 4.26). It is difficult 
to describe this feature precisely, but once recognized it is 
important for confidence of diagnosis in cases where other 
features are only mildly abnormal. Inversion recovery 
images can be important because these images have good 
anatomical detail as well as contrast within the normal hip- 
pocampus; making it easier to see that it is lost (Fig. 4.27). 
There appears to be something in the hippocampal neuronal 
layers that has different Tl contrast from other areas of the 
cortex. It is our suggestion that this is the major reason that 
inversion recovery images have been considered helpful by 



many clinicians. Along with the loss of this internal archi- 
tecture may go increased signal in the central part of the hip- 
pocampus (see the left hippocampus in Fig. 4.27, on the 
right of the image). 

Sometimes microarchitecture can be mistakenly assumed 
to be present because of the appearance of the alveus in less 
heavily contrast-weighted images (typical Tl volume 
sequences) as compared to the clearly abnormal hippocam- 
pus. It is important that one sees the tissue of the CA1 region 
before confidently saying that the internal architecture is 
preserved. The classical histologic features of HS are shown 
in Figure 4.28. This is a case where the atrophy is relatively 
minimal but signal abnormality and loss of internal structure 
give a clear diagnosis. In the absence of atrophy, dysplasia 
should be considered, but in this instance the internal fea- 
tures are those of HS. 

In order to visualize the internal structure of the hippocam- 
pus (see Fig. 4.26), the requirements are for high spatial reso- 
lution, at the same time as good contrast (see Fig. 4.27). 
By increasing the number of pixels covering the region and 
dealing with the problem of signal-to-noise by lengthening 
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FIG. 4.20. A. T1 -weighted sequence of the whole length of the hippocampus, showing left hippocampal sclerosis (right of image). There is also 
subtle atrophy of the left temporal lobe and widening of the sylvian fissure. This is comparable to the normal anatomy shown in Figure 4.19 
with the same imaging parameters. B. Hippocampal sclerosis on the left (arrow). Note the subtle atrophy of the temporal lobe. In this case the 
sclerotic hippocampus is round in shape. C. Left hippocampal sclerosis with a flattened shape. 




FIG. 4.21. A. Coronal MR slices of a patient with postictal psychosis (PIP; left sides) and a patient without postictal psychosis (right sides). Both 
patients have left-sided hippocampai sclerosis. The arrows point to the ipsilateral hippocampus. B. The graphs demonstrate the posterior-to- 
anterior distribution of the hippocampai volume of the same two patients. The ipsilateral (open squares) and contralateral side (black squares) 
are expressed as a function of the slice position. In the posterior hippocampus there is no difference in the degree of the atrophy (slices B and 
D). In the anterior hippocampus there is a relative hippocampai preservation in the patient with PIP (slice A) but a marked hippocampai atrophy 
in the patient without PIP (slice C). C. The graph shows the anterior-to-posterior distribution of the side-to-side difference in hippocampai vol- 
umes in PIP patients (squares) and non-PIP patients (circles). The bars represent SE. Side-to-side difference is calculated by subtracting the 
ipsilateral from the contralateral side at each slice position. A value of 0 means no difference between the two sides. Positive values indicate a 
smaller ipsilateral than contralateral volume (higher values reflect more ipsilateral 'volume deficit'). In the tail and body of the hippocampus 
(slices 1-8) there was no difference between the groups. However, in the anterior part there was less volume deficit in patients with PIP (12th 
slice; p = 0.003, Mann-Whitney U test). (With permission from Brieilmann et ai. 2000 (460).) 




FIG. 4.22. The internal structure of the hippocampus c 
a three-layered cortex. The central layer contains the pyramidal 
neurons, equivalent to the jam in this 'Swiss' or 'jelly' roll. These 
layers curve around in the way shown in this analogy. 




FIG. 4.23. Diagram of the 

is of the 
also known as CA4. CA, 
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FIG. 4.24. 

shown in 
Hematoxyli 



High-powered photomicrograph showing the features 
Figures 4.22 and 4.23 in a normal hippocampus. 
n and eosin stain. 



the time of image acquisition, one can generate high-resolu- 
tion images of the hippocampus (see Fig. 4.27). High field 
(3T and above) imaging has greatly helped with this. 
Another alternative that gives higher signal to noise is the 
use of temporal surface coils. 

We have found that recognition of normal internal struc- 
ture is quite important in some cases where the features, 
such as T2 signal change and atrophy, are less prominent 
for visual assessment. Although it is not always possible 
to detect clearly the internal structure of the hippocampus 
on standard imaging, it is surprising how often it lends 
weight to the visual diagnostic confidence of normality of 
the hippocampus or HS. If doubt exists, reimaging with 
attention to spatial resolution and contrast can be helpful. 
As MR techniques and high field strength become more 
common it is likely that in the future this feature will be one 
of the most important for the diagnosis of hippocampal 
pathology. The gain in resolution will bring MR closer to 
what is seen on pathology. 




Parahippocampal gyr 




FIG. 4.25. A. Photomicrograph showing the classic features of hip- 
pocampal sclerosis, with loss of neurons and increased gliosis in the 
end folium and CA areas, with some sparing of the neurons in CA2.The 
splaying of the dentate granule cells is also visible when compared to 
a normal hippocampus (see Fig. 4.24). Hematoxylin and eosin stain. 

B. These histologic features can be seen using MR to show hippocam- 
pal internal structure (inversion recovery, 4 mm slice, Tl 400, TR 3500). 

C. T1 -weighted inversion recovery images showing four examples of 
normal hippocampi illustrating the hippocampal internal structure using 
MRI. 
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FIG. 4,25. Cont. D, E. Hippocampai internal structure (D) with a high-contrast (inversion recovery sequence) and (E) with an FSPGR sequence 
at high resolution. Note that the internal structure appears bland on these sequences; even though they are high-resolution, they do not have 
the strong T1 contrast that highlights these internal features. (B and C with permission from Jackson et al. 1993 (175).) 
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FIG. 4.26. The left panels show in diagram form the features of the internal structure of the normal hippocampus (upper) and hippocampai scle- 
rosis (lower panel). Examples of MRI at high resolution illustrating the internal features are shown in the middle panels. Equivalent histologic 
sections are shown in the right panels. 
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FIG. 4.27. Heavily T1 -weighted inversion recovery sequence from a 
case of identical twins, one of whom had severe febrile convulsions 
and subsequent TLE, while the other had neither of these events. 
The affected twin is shown in the lower panel. There is clear atrophy 
and decreased signal in the left hippocampus(dark arrow), which is 
typical of hippocampal sclerosis. The contralateral right hippocam- 
pus maybe shows some decreased signal in the CM and end-folium 
regions (small light arrows) when compared to the normal twin. Note 
how similar is the subtle internal structure of this contralateral 
hippocampus in the two twins. (With permission from Jackson et al. 
1998 (346).) 



Visual Analysis of Images 

Optimized imaging of the hippocampus and temporal lobe 
structures depends critically on image orientation and image 
sequences optimized to display the anatomy and signal abnor- 
mality of HS and temporal pathology (226). The hippocam- 
pus should be imaged in planes parallel and perpendicular 
to the hippocampus - now known as the hippocampal plane 



(see Fig. 4.10). Assessing the hippocampus in other planes is 
not adequate (repetition, said above). Diagnosis depends on 
knowledge of both the normal and pathologic anatomy of the 
hippocampus (208, 226-229). These features can incorrectly 
be dismissed as 'normal variation', 'head tilt in the scanner', 
or 'occult partial volume effects'. 

As with any subtle changes in radiology, there is a learn- 
ing tendency to both 'undercall' this diagnosis and to 'over- 
call' it. In experienced hands, the visual diagnosis of HS is 
very reliable, and most centers that have such an experi- 
enced person usually rely on visual interpretation of images 
for clinical decision-making. Quantitative and special tech- 
niques remain useful for research and for evaluation of the 
'MR-negative' TLE case where additional clues to subtle 
pathology may be found. 



Visual Assessment of Contralateral and 
Bilateral Abnormality 

For confident diagnosis of the degree of contralateral hip- 
pocampal abnormality, visual analysis is not so sensitive, 
and quantitative or advanced analysis methods are indicated. 
While there may be clues on visual analysis that there is 
contralateral minor hippocampal atrophy (see, for example, 
Fig. 4.28) and in some cases this can be suggested on 
sequences such as FLAIR, this is a very difficult visual diag- 
nosis unless the atrophy is obvious and severe. The signifi- 
cance of minor contralateral abnormality in routine clinical 
practice is not yet clear in terms of long term seizure out- 
come or prediction of neurocognitive defecits (230-234). 




FIG. 4.28. A. Hippocampal sclerosis on the left (arrowed), without 
obvious atrophy. B. T2-weighted image. Note that the internal struc- 
ture in the contralateral (right) hippocampus is more easily seen on 
the heavily T1 -weighted IR sequence than the T2-weighted images. 



Quantitative Measurements of Hippocampal Sclerosis 

As we have noted throughout the previous section, visual 
analysis is an excellent method of detecting HS if optimized 
images are acquired and the reporting specialist is expert in 
the interpretation of these images. There remain issues of what 
is the optimal method; for example, do we need high-resolution 
images to examine the hippocampal internal structure? What 
sequences are necessary, and how much imaging time is 
required? We have addressed all these issues above. Now we 
turn to quantitative measures of hippocampal pathology. 

For many reasons it is useful to have a quantitative and 
objective number to describe pathology. A truly objective 
measurement would take the subjective skill level of the 
person reporting the pathology out of the list of variables we 
have to consider. Also, we can determine the degree of 
abnormality as a continuous variable. This is important for 
many research studies designed to unravel the neurobiology 
of many of these conditions, and may help us to understand 
normal functions. 

On the other hand, subtle atrophy as determined by quan- 
titative analysis cannot be simply assumed to have the same 
meaning as visually assessed atrophy and signal change. 
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Also, just because a measurement is reported as a num- 
ber does not necessarily mean that it is a totally objective 
measurement or that a high degree of subjective skill is not 
needed for the acquisition of that number. Similarly, once a 
number is derived, we can become totally oblivious to the 
assumptions and compromises that went into acquiring that 
number, and mistakenly confuse it with objective reality. 
What this means, really, is that if you use numbers to make 
decisions, you need to know something about how they were 
acquired, what they mean, and what their limitations are. 
This is also true of such statistically based methods as voxel- 
based morphology and relaxometry (discussed below). In 
the context of temporal lobe epilepsy these numbers (hip- 
pocampal volumes and T2 relaxation times) are a means of 
reaching a diagnosis, and trying to standardize information 
and objectify the thresholds at which significant abnormal- 
ity is diagnosed. As in all medical measurements, the clini- 
cal context and overall pattern are important. 

To summarize, the MR features of HS are atrophy, an 
increased T2 and a decreased Tl signal, and disruption of 
the internal structure (175). The atrophy and signal change 
can be quantified. Quantitative MR protocols, including 
hippocampal volumetric studies (207, 218, 235-240) and 
T2 quantification (130, 241-243), are essential in research 
protocols and for selected clinical cases. These two meas- 
urements are complementary and allow a full description 
of the spectrum of HS (130, 244). Hippocampal atrophy 
correlates with neuronal cell loss, mainly in the CA1 hippo- 
campal subfield (210, 245-247). The pathologic correlate of 
hippocampal T2 is gliosis, which most likely correlates with 
hippocampal T2 (136, 247). 



Volumetrics 

Since volume measurement of the hippocampus was first 
described, the technique has been widely used, with many 
modifications of technique that have become largely center 
specific. Despite this the principles and use have changed 
little since these early descriptions. With the advent of sta- 
tistical approaches to analysis there have been enormous 
developments in advanced analysis methods of volume data, 
which are dealt with further in Chapter 8. 

Jack et al. (235) first demonstrated in-vivo volume loss in 
the hippocampus in the context of epilepsy. Volume loss was 
soon seen as a sensitive and specific indicator of HS in the 
clinical context of epilepsy (112, 116, 161, 163, 206-211, 
245, 248, 249). Hippocampal volume estimates permitted 
definition of minor volume asymmetries in these patients 
and also gave confidence to reporting specialists when 
making visual judgments. The detection of bilateral atrophy 
remains a problem for studies of this type, which generally 
compare the two sides. Absolute measures have a large 
inherent variability due to biological and measurement rea- 
sons. The range of normal hippocampal volumes is large, 
and because of this absolute volumes are not a reliable 



measure of pathology, particularly of mild degrees of abnor- 
mality. Test-retest and interobserver variation in absolute 
volumes can also be up to 7%. This is only slightly better at 
high field strengths (250). 

Because of the relative anisotropy of the hippocampus, 
slices 3 mm thick or less are probably necessary for accurate 
estimation of hippocampal volume (207). Van Paeschen 
showed that a sampling strategy of one in every three slices 
is accurate to the degree required for the diagnosis of HS 
(130, 218, 247, 250-252). Volumetry is a simple, reliable 
method of detecting hippocampal asymmetries that can be 
carried out in almost all centers with little or no advanced 
image processing or technical expertise. In centers with 
excellent expertise in visual assessment of optimized images 
acquired for the purpose of assessing the hippocampus, the 
sensitivity from visual diagnosis is such that volumetric 
assessment usually adds little. Without this expertise, vol- 
umes are a very sensitive means of detecting hippocampal 
abnormality. There are some pitfalls, however, and we will 
discuss these now. 

Because of the large range of variation in normal hippo- 
campi, both within series and between different groups 
(often using slightly different techniques), absolute abnor- 
mality is difficult to define. The correction of hippocampal 
volume for total intracranial volume is a useful method of 
improving the usefulness of volume measurements. 
Corrections for influence of height, gender, body mass, and 
age have also been suggested. Females have smaller hippo- 
campi than males and this is largely corrected by correcting 
for total brain size (253). Hippocampal volumes have also 
been shown to change with the effects of seizures that affect 
that temporal lobe (254, 255). Thus volumes may reflect the 
original pathology as well as the effects of seizures projecting 
to the temporal lobe. Subtle abnormalities may only reflect 
seizure effects and should not be used on their own to infer 
the site of seizure origin. 

The basic finding is that the side of hippocampal volume 
loss as measured by side-to-side asymmetry, in the context 
of intractable epilepsy, correlates with both the presence of 
HS as found in the post resection specimen and the side of 
seizure onset. 

An important group of patients is those in whom the find- 
ings are more difficult: those with marginal MR abnormali- 
ties that approach the limits of normal variation. Spencer 
and colleagues (211) investigated a population with diffi- 
cult-to-localize epilepsy (but not difficult MRI findings) and 
found, even in this group, that volume measurements of the 
hippocampus were 75% sensitive to and 64% specific for 
medial temporal seizure onset as recorded with intracranial 
electrodes. This was the most useful of all noninvasive local- 
izing tests in their patient group. 

The ability of a quantitative method to measure the degree 
of hippocampal asymmetry enables the comparison of the 
degree of pathology to the degree of memory impairment 
postoperatively (112, 210, 256) and to outcome following 
temporal lobe surgery (257). 



Temporal Lobe Epilepsy / 125 



Hippocampal Boundaries 

For the actual technique of hippocampal volume meas- 
urement, the estimation of the hippocampal boundaries is an 
important issue (Fig. 4.29). Jack (258) pointed out that even 
the difference between including the pixels under the drawn 
boundary and excluding those pixels under the drawn 
boundary can make a difference of up to 30% in total 
hippocampal volume estimation. It is the surface pixels that 
create the greatest variation, and unfortunately the hippo- 
campus has a large surface-to-volume ratio. Because of this, 
the exact boundary of the hippocampus can make a large 
difference in the total estimated volume, and the variation 
and placement of this region between observers can some- 
times be great. Similarly, the test-retest measurement in the 
same observer can differ considerably until considerable 
skill is acquired in the use of the technique. 

The normal variation of volume measurements of the 
hippocampus also depends on the subjective drawing of the 
boundary of the hippocampus in multiple slices. This is a 
problem for the comparison of hippocampal volumes across 
centers. Not all centers define the boundaries of the hippo- 
campus in the same way, and this can have a considerable dif- 
ference in estimating total hippocampal volume. For example, 
Jack (258) defined the boundaries of the hippocampus in the 
coronal plane to be the inplane boundaries and the anterior 
posterior boundaries. The areas to be included are the CA1- 
CA4 sectors of the hippocampus, the dentate gyrus, and the 
subiculum. This includes the pyramidal cell outflow tracts 



(the alveus) and uses this as a high-contrast boundary of the 
hippocampus. 

In the body and tail regions of the hippocampus, the 
boundaries of the hippocampus are easily determined, being 
defined by CSF in the temporal horn, CSF in the carotid fis- 
sure, and CSF in the uncal and ambient cisterns. Inferiorly, 
the gray-white matter junction between the subiculum and 
white matter of the parahippocampal gyrus is also easy to 
define. The boundary between the hippocampus and the 
subiculum where it is continuous with that of the parahippo- 
campal gyrus is a more subjective issue (259-264). Jack's 
studies used the boundary as the line from the angle formed 
by the most medial extent of both the subiculum cortex and 
the parahippocampal cortex (see Chapter 3). It is important 
to have an understanding of the issues involved in defining 
the boundaries of the hippocampus (161). 

In the head of the hippocampus (pes hippocampi), the 
distinction of the head of the hippocampus from the overly- 
ing amygdala may be more difficult. In some cases it may be 
easier to make this determination than in others. For exam- 
ple, if the uncal recess of the temporal horn is patent this can 
provide a superior landmark for the head of the hippocam- 
pus. Otherwise the thin line formed by the alveus, which 
divides the fused hippocampus and amygdala, can also 
usually be distinguished and used as a boundary. In some 
cases, however, neither of these landmarks is easily seen, 
and a straight horizontal line is sometimes drawn between a 
mid portion of the ambient gyrus medially and the most 
superior medial portion of the temporal horn laterally. 




FIG. 4.29. Volumetric measurements of the hippocampus. A. Manual outlining of the hippocampus, which is usually done in the coronal plane. 
B. Semi-automated segmentation of gray and white matter structures can be achieved with segmentation algorithms, although some manual 
completion in the mesial temporal regions is usually required. This image shows the results of such segmentation. 
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In their study, the intralimbic gyrus (the portion of the den- 
tate and Amnion's horn in the posterior uncus) is included in 
the measurement of hippocampal volume. The choroid plexus 
is excluded. 

The definition of the anterior-posterior borders is also 
important. In the posterior extent, the coronal section on 
which the cms of the fornix is seen in full profile can be used 
to define the posterior boundary of the volume assessment. It 
is estimated that this includes approximately 90-95% of the 
total hippocampal volume (161). Other groups have 
addressed this problem and solved it in different ways. For 
example, in the studies from Yale (211), only a strictly 
defined 2.5 cm segment of the hippocampus is included, and 
the region of the hippocampal head beneath the amygdala is 
excluded, as is the more posterior hippocampus. This allows 
a less subjective determination of the anterior and posterior 
boundaries but suffers from several problems, including the 
fact that only a portion of the hippocampus is assessed. 

The majority of studies have used coronal images for 
drawing the hippocampal boundaries because of the clear 
definition of the hippocampal boundaries in this orientation. 
It is, of course, possible to use any imaging plane. The sagit- 
tal plane has been used (see Fig. 4.10), and it has been 
argued that it is easier to distinguish the amygdala from the 
hippocampus in this plane. The data can be represented by 
the cross-sectional area of the hippocampus in each slice 
(Fig. 4.30). This gives an almost axial view of the length of 
the hippocampus (compare with Fig. 4.10). 



factors of placement of the hippocampal boundaries. In the 
early studies, Jack (235, 265) reported the limit on accuracy 
to be within 0.1 cm 3 , while Cook et al. (207, 266) showed an 
accuracy of more than 98% for volume measurements of 
phantom objects. This most probably reflects the inherent 
issues of accuracy of the MR technology. 

Much more important, however, is the intraobserver 
variability. Jack initially reported that the variation of 
hippocampal volume and measurement for experienced indi- 
viduals varied from 1.9% to 4% (208). In Jack's study the 
interobserver variation was 14%. Using three-dimensional 
volumetric images, a 1.2% intraobserver variability and a 
3.4% interobserver variability has been cited (163). Cook 
(207) estimated that a minimum of 10-12 coronal slices (this 
corresponds to a slice thickness of 3 mm) is necessary in order 
to reduce the error of hippocampal volume measurements to 
below 5%. Later studies have been consistent with this. 

These data demonstrate that hippocampal volume esti- 
mates can be made with a high degree of reproducibility 
within experienced centers. Sadly, the greatest potential ben- 
efit of a quantitative technique - collection of large numbers 
of patients across many centers to assess major issues about 
pathogenesis and secondary damage - has never material- 
ized because of issues of standardization. This is largely 
because the measurements of hippocampal volume, as 
implemented, have been very site- and user-specific. 

The actual numeric produced by volume measurements is 
dependent on: 



Accuracy and Reproducibility of Volumetric Studies 

Given the adoption of any specific technique, the accu- 
racy and reproducibility of the test must be estimated. This 
will depend on machine factors, as well as on subjective 



160 t 
1 140 







— « — HCV right 
— ■— HCV left 






slice position 
FIG. 4.30. If the cross-sectional area of the hippocampus is plotted 
as a function of slice position, the volume distribution of the hippo- 
campus can be plotted. In this example there is clear atrophy of the 
anterior hippocampus on the left. 



• imaging slice thickness 

• selection of anterior and posterior anatomic boundaries 

• orientation of the plane of acquisition 

• whether or not the imaging data have been interpolated 
in-plane prior to tracing 

• the method implored for counting the boundary pixels 
under the trace 

• the subjective inplane boundary tracing 

• the error of the measurement 

• the population studied. 



Sensitivity and Specificity of Hippocampal Volumetrics 

Hippocampal volume changes have been found in a 
number of other disorders, including dementia (267-269), 
schizophrenia (270-276), amnesias (277, 278), and even 
rarely in normal individuals (142, 279). 



T2 Relaxometry 

The classical MR features of HS include reduced 
hippocampal volume, increased signal intensity on T2- 
weighted imaging, and disturbed internal architecture (188, 
280). Methods to quantify volume changes on MR images 
were quickly introduced and widely used (257, 281, 282) 
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and are discussed above. The development of T2 relaxome- 
try for the MR assessment of epilepsy was fostered by the 
observation of increased signal on T2-weighted images in 
the hippocampus of patients with HS and the desire to have 
a quantitative and rapid measure of hippocampal abnormal- 
ity that was objective and standardizable across centers. 
T2 relaxometry was introduced in 1993 as a quantitative 
measurement tool of tissue pathology in the hippocampal 
gray matter (177). This quantitative measurement is an 
objective means of determining the frequency and severity 
of T2 abnormality and enables the detection of bilateral 
pathology. Since its introduction, the technique of T2 relax- 
ometry has been used by many centers. Other indications 
than HS have been added and technical improvements have 
been made. 

In our experience, the measurement of T2 values within 
the hippocampus is a robust and reliable objective measure- 
ment of hippocampal pathology, providing a means of 
assessing the hippocampus that is as good as the most skilled 
visual interpretation of hippocampal abnormality in opti- 
mized scans (162, 188, 241). Hippocampal T2 quantification 
has the ability to detect very mild, bilateral, and progressive 
hippocampal abnormalities. Moreover, hippocampal T2 val- 
ues can be interpreted in terms of hippocampal pathology 
even when the other hippocampus is incomplete or distorted, 
such as when a lesion is present or following temporal lobe 
surgery. 



Technical Considerations in Acquiring T2 Relaxation 
Times 

Method of Acquiring T2 Relaxation Time Measurement 

The acquisition that enables the measurement of 
T2-relaxometry time is a multiple spin-echo sequence 
(Fig. 4.31). Several T2-weighted images are acquired at 
different echo times and in each voxel the resultant values 
are fitted with an exponential decay curve to estimate the 
T2 decay rate of the imaged tissue. For a 16-echo CPMG 
sequence, as initially suggested (241), 16 separate spin-echo 
images are taken for each slice at echo times (T E ) ranging 
from 22 ms to 256 ms. This range was chosen somewhat 
empirically as it proved to give precise values in normal sub- 
jects. The intensity of the image decreases for all structures 
as the T E becomes longer. If the intensity of signal is plotted 
as a function of time, then the time constant of this decay 
is proportional to the T2 relaxation time. This decay can be 
assessed for every pixel in the image. 

In a T2 map the gray scale of each pixel equals the T2 
relaxation time or T2 value of this pixel. On the T2 map, the 
T2 value of an anatomical structure can be measured by 
placing a region of interest over this region and measuring 
the mean T2 relaxation time within this region of interest 
(Fig. 4.31 A, lower right panel). It is of importance that this 
region is placed fully within the anatomical structure to 



avoid partial volume effects. The acquisition plane may 
further help to avoid partial volume effects. Best results are 
obtained with T2 maps and structural imaging acquired in a 
plane orthogonal to the long axis of the hippocampus. 

T2 relaxation times are easy to acquire and postacquisi- 
tion processing to calculate T2 maps from the data takes 
only a few minutes (Fig. 4.3 IB). The necessary acquisition 
and processing software is available on most commercial 
imaging systems. However, an accurate knowledge of the 
normal and pathologic anatomy is required for placement of 
the region of interest. 



Developments in T2-relaxometry Methods 

The initial description of a technique to measure T2 val- 
ues in patients with HS was based on a multi-echo sequence 
with 16 echoes with a T E between 22 and 262 ms (177). The 
sequence had an acquisition time of approximately lOmin. 
Measurements of the hippocampal T2 relaxation times 
in normal subjects were precise (99-106 ms) and showed 
minimal interobserver variation (241). It was highlighted at 
that time that the technique, although precise and allowing 
the objective diagnosis of hippocampal pathology without the 
need for comparison with the contralateral hippocampus, 
did not necessarily measure accurately the actual physical 
quantity of T2 relaxation time. The technique was precise 
and reproducible, which are the most important qualities for 
such a diagnostic test. Instrumental variation may mean that 
the actual normal control range could vary between centers 
and techniques. The use of percentage change compared to 
normal values allows cross-institutional comparisons despite 
different absolute values. 

Subsequent methodologic work focused on the ideal 
number of echoes, shorter acquisition times, and improved 
accuracy of the measurement. Stimulated echoes are 
unwanted contributions to the signal in multiple echo 
sequences (90°-180°-180°- ...) and arise from coherence 
pathways that arise from the conjunction of multiple refo- 
cusing pulse trains (with more than two pulses). 
Modification of the pulse sequence using optimized refo- 
cusing pulses or phase cycling techniques can reduce the 
effects of these unwanted signal pathways. 

Several alternatives have been explored in relation to the 
number of echoes used to obtain the decay curve. Some 
groups have suggested the implementation of a dual-echo 
acquisition (199, 243, 283). The two T E used are usually 
around 30-40 ms and 100-1 20 ms. However, the disadvan- 
tage of using just two echoes is that the two data points only 
allow a linear fit and thus may deliver less precise measure- 
ments. In one study, using echo times of 80 ms and the mean 
hippocampal T2 values demonstrate a small range of varia- 
tion in the 20 controls studied and clearly abnormal values 
in patients with HS (244). This suggests that the technique 
is robust enough to detect hippocampal abnormalities even 
with a simplified acquisition method. 
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FIG. 4.31. Measurement of T2-relaxometry times T2 relaxometry was acquired with a CPMG sequence with eight images per location 
(T E 29-231 ms, T R 5000ms) on a 3T GE LX Horizon scanner (Milwaukee, USA). A. All eight acquired images are shown, with echo times 
between 29 and 231 ms, on one slice at the level of the hippocampus. Note the changing brightness of the images, reflecting the T2 decay. 
In the region within the red circle, the signal was measured on each image. This decay is shown graphically in B. The signal intensity is high- 
est for the images with the lowest T E . C. The T2 map, where the gray scale of each pixel equals the T2 relaxation time. The measurement of the 
T2-relaxation time can be performed on these calculated T2 maps, using software such as the proprietary GE software package (Functool®). 
A T2-weighted coronal slice through the hippocampus can be used to identify the region of interest (ROI), corresponding to the second image 
acquired with a T E of 58 ms. D. An example with left hippocampal sclerosis. Top left: the T2-weighted image; top right: the measured T2 decay 
curves; bottom: the calculated T2 map. 
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Methodologic studies, however, suggest that a multi-echo 
sequence has advantages (284). This is especially important 
with the consideration of the non-monoexponential charac- 
teristics of signal decay in tissue. The different contributions 
of signal decay in a voxel include different degrees of myeli- 
nation of white matter and also gray matter and CSF. Use of 
a simple monoexponential fit in these cases is, therefore, an 
unrealistic model for such data. However, unless echo trains 
with large numbers of echoes (>16) are used (284), a fit to a 
single exponential is more robust and is, therefore, the most 
common analysis procedure. 

Over the past few years, many centers have been using 
scanners with increased magnetic field strengths of 3 T and 
above. The increased signal-to-noise ratio at the higher field 
strength can be used to significant advantage in improving 
the time efficiency and image quality of imaging protocols. 
As a consequence, quantification of brain volumes or of 
structures within the brain should become more accurate at 
higher field strength, thus reducing the standard deviation in 
the measurement results (250, 285). The parameter that is 
quantified by the T2 relaxometry technique is largely inde- 
pendent of magnetic field strength. The measured T2 relax- 
ation times of known tissues types depend somewhat on the 
sequence used and, therefore, optimization of the acquisi- 
tion has a greater influence than the field strength on the 
final images (286). 

We suggest that at least an eight-echo T2-relaxometry 
sequence is optimal (287). In addition, advances have been 
made in the fitting procedure for T2 quantification and for the 
statistical analysis of deviations of the resulting T2 maps from 
control distributions (287). The power of the T2-relaxometry 
method has been suitably enhanced, thereby improving the 
chances of detecting more subtle effects. Furthermore, the 
combination of modified fitting and statistical analysis proce- 
dures used in this study will remove the component of the 
subjectivity of relaxometry data analysis. 



Concordance: Do More Investigations Help? 

In the past, concordance was sensibly used to solve what 
can be considered to be a signal-to-noise problem. This 
means that when no piece of data is definitive in telling, for 
example, which temporal lobe is abnormal, then several 
pieces of suggestive evidence all pointing in the same direc- 
tion can be used to improve the certainty that one of other 
temporal lobe is primarily involved in seizure genesis. 
Conversely when one piece of information is definitive, for 
example when HS is clearly present on one side, then multi- 
ple tests for laterality add no information unless they suggest 
that the seizures are not originating from that hippocampus, 
or that there are multiple foci of epileptogenesis (288). 

Discordance now primarily serves as a warning that the 
problem of understanding the pathogenesis of seizures in an 
individual patient has not been solved by our major infor- 
mation (e.g. finding HS). Studies need to determine what is 



necessary and sufficient information prior to offering surgi- 
cal removal of an abnormal area of the brain as a treatment 
for epilepsy. It is our guess that no formula will work in all 
cases and the answer will be to understand the mechanism 
of seizure generation in each patient. More studies will be 
required in some cases than in others. 



PATHOPHYSIOLOGY OF HIPPOCAMPAL 
SCLEROSIS AND ASSOCIATED TEMPORAL LOBE 
EPILEPSY 

Observing Hippocampal Sclerosis Development 

Acute Changes in Patients with Epilepsy Progressing to 
Hippocampal Sclerosis 

The presence of short-term, seizure-associated changes is 
an important issue. There is debate about whether seizures 
cause damage to the brain or whether all or a portion of the 
abnormalities seen in the brains of patients with epilepsy are 
due to pre-existing factors. A change in T2 relaxometry after 
a seizure would favor the idea that seizure-associated dam- 
age can occur. An early study suggested that recent seizures 
do not influence T2 values (289). In this study of 63 patients 
with chronic epilepsy, four patients were scanned a second 
time after a recent complex partial or secondary generalized 
seizure. There was no change of the T2 values after the 
seizure. 

However, several other reports have shown an acute 
increase in T2-signal after a brain injury such as status 
epilepticus, together with an increase in hippocampal vol- 
ume (Fig. 4.32) (290-293). Experimental models provide 
evidence that T2-time acutely increases after kainate injec- 
tion, reflecting cytotoxic edema (294). A gradual resolution 
of the high T2 signal may occur, reflecting resolution of 
the edema. If there is no evolution into HS, and acute electro- 
encephalographic abnormalities resolve, T2-signal may 
normalize, as has been shown in some case reports (295, 
296). However, several other cases have demonstrated the 
evolution into HS, with the typical MR features of hip- 
pocampal volume loss and T2 signal increase visible weeks 
to months after the acute insult (291, 297). Some examples 
of progression of the hippocampal changes are shown in 
Figures 4.33^1.35. 

Information on pathologic changes is not always avail- 
able and is therefore very important if given. Two reports 
show histopathologic results on patients who had acute T2- 
relaxometry changes within the region that was later micro- 
scopically assessed. One report describes a child who died 
44 days after a refractory status epilepticus. Histopathology 
showed neuronal necrosis and gliosis in CA1, CA3, and 
dentate gyrus. Another child underwent a temporal lobec- 
tomy for seizure control 38 months after a prolonged febrile 
convulsion. Histopathology again showed the typical HS 
features of focal neuron loss and gliosis. 
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(With permission from Nohria et al. 1994 (358).) 



Whereas the studies reported above consist of case 
reports or small series, one recent report assessed a series of 
35 children (298). All had MR investigations within 5 days 
of a generalized status epilepticus. Quantitative assessments 
included T2 relaxometry and hippocampal volumetry. T2 
relaxation time was elevated in patients with prolonged 
febrile convulsions compared with control subjects when 
they were scanned within 2 days of the acute event, whereas 
no difference in the T2- values were found in patients exam- 
ined 3-5 days after the event. These findings are consistent 
with another series in children, scanned within 14 days of 
the event (299). In this series, T2 relaxometry findings 
showed no abnormalities. 

The development of HS, although most frequently 
observed in young children, has also been described in adults. 
It has been observed after severe seizures in adulthood (297), 
after a series of brief seizures (see Fig. 4.33) (300), in the 
context of other focal pathology such as cavernous angioma 
and neurocysticercosis (301), and also after domoic acid 
intoxication (302). The last report suggests that the human 
hippocampus is vulnerable to kainate receptor excitotoxicity 
and provides strong evidence for a supporting role of 
excitotoxic injury in epileptogenesis. These observations 
suggest that T2-signal increase occurring shortly after a 
seizure, associated with increased volume, reflects cell 
edema. This abnormality can evolve into HS, in which 
T2-signal increase is again increased but now associated 
with reduced volumes. This chronic change in T2-value 
increase may reflect gliosis, as outlined below. 



Retrospective quantitative MRI studies have addressed 
the issue of progression of HS due to seizures, and sug- 
gested that seizure activity may (303, 304) or may not (305, 
306) be associated with progressive hippocampal volume 
loss. Wieshmann et al. (291) and O'Brien et al. (307) 
described two patients with HS and progressive hippocam- 
pal volume loss on repeat MR imaging associated with fre- 
quent secondary generalized seizures. In a prospective study 
of patients with newly diagnosed partial epilepsy and a 
repeat MRI scan 1 year after the first MRI, one patient was 
observed with bilateral hippocampal atrophy and normal 
hippocampal T2s, who had significantly increased hippo- 
campal T2s with no measurable further hippocampal vol- 
ume loss on follow-up 7 months later. These hippocampal 
changes were associated with daily seizures and frequent 
secondary generalization (308). 



Chronic Changes in the Hippocampus in Patients 
with Epilepsy 

The original observation of increased hippocampal T2 
relaxometry was made in patients with refractory temporal 
lobe epilepsy (241). This report recorded that the side of the 
seizure origin was ipsilateral to the hippocampal T2 abnor- 
mality when the abnormality was unilateral. When there 
were bilateral abnormalities with one side more abnormal 
than the other, the side of seizure origin also always corre- 
lated with the more abnormal hippocampal T2 signal. 
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FIG. 4.33. A. Progression of hippocampal sclerosis: IR study. The patient was a 25-year-old man who presented with 3 x tonic-clonic s< 
Note the internal architecture of the hippocampus (arrows), clearly seen in the first study but absent in the second, and atrophy of the 
hippocampus in the second, present in the first study. B. This adult with recent-onset TLE had imaging that was considered normal (left panel); 
18 months later, after three tonic-clonic seizures there is clear hippocampal sclerosis in the right hippocampus. Increased signal was present 
in the first study. (A. With permission from Jackson et al. 1999 (297).) 



T2 relaxometry abnormalities correctly lateralized 70% of 
all patients with intractable partial epilepsy, regardless of the 
localization of seizure onset. Some 30% were not confi- 
dently lateralized but no case was lateralized incorrectly. 
The patients with abnormal contralateral hippocampal T2 
values in addition to the ipsilateral marked abnormality may 
represent the bilateral hippocampal abnormalities described in 
pathology studies of HS (126, 127, 309) and in volumetric 
studies of hippocampal volumes (207, 258, 310, 311). 

Several studies later confirmed the initial description 
of hippocampal signal increase patients, quantified by T2 
relaxometry, in the ipsilateral hippocampus of patients with 
refractory TLE (130, 199, 231, 232, 283, 312-315). Based 
on our experience, the signal increase in the ipsilateral hip- 
pocampus in a patient with HS can be expected to be about 
15-20%. For identification of severely sclerotic hippocampi, 



detection of signal increase is as sensitive by visual assess- 
ment on the T2-weighted images (316). However, T2 relax- 
ometry allows quantification of subtle abnormalities, for 
example in the contralateral hippocampus or in other brain 
structures. Furthermore, T2 relaxometry may be used to 
classify the severity of HS and thus allows assessment of 
whether different subtypes of HS exist and are correlated 
with different clinical manifestations. 



Grading of HS Severity 

Since the introduction of MR into the investigation of 
epilepsy patients, there have been attempts to classify the 
degree of hippocampal abnormalities on the basis of the 
change in the T2 signal (317). Based on our experience, 
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FIG. 4.34. High-field investigations in a 9-year-old boy with MR-negative epilepsy. The EEG suggests a right temporal lobe seizure focus, the 
clinical symptomatology suggests involvement of the amygdala. A. Coronal T21 -weighted image at the level of the hippocampi (left side). There 
is no side-to-side asymmetry or signal change of this structure. This is confirmed by hippocampal volumetry. B. Posterior-to-anterior distribution 
of the hippocampal volume (right side blue, left side purple). The volumes of the right (21 43 mm 3 ) and left hippocampus (2060 mm 3 ) were not 
different from each other or from controls. C. T2 relaxation time measurements in the same case. There was a subtle increase in the signal 
in the right hippocampus, amygdala, anterior temporal lobe white matter, and caudate, consistent with a seizure focus in the right hemisphere. 
D. Voxel-based analysis of the same patient, compared to a series of 25 control subjects. Areas with significant signal increase as compared 
to the control group are highlighted. They include both temporal lobes, predominantly on the right, affecting the anterior temporal lobe white 
matter and the mesial temporal structures. (Courtesy of Dr Gaby Pell, Brain Research Institute, Melbourne, Australia.) 



slightly increased hippocampal T2-values may indicate that 
the seizure focus is not within this hippocampus but may be 
extrahippocampal in the ipsilateral temporal lobe, extratem- 
poral, or in the contralateral hippocampus. Alternatively, 
hippocampal T2-signal increase not quite reaching the 
degree expected for classical HS may reflect mild HS with 
only relatively mild histopathologic cell abnormalities. It is 
unlikely that the hippocampus is damaged in such a way that 
either 50% of neurons are lost (a common definition of 
HS) (182) or no damage has occurred; hippocampal damage 
is more likely to be a continuum, with definite HS being 
that level of damage which can unequivocally be detected 
visually by neuropathologists. Figure 4.34 shows the MR 
investigation of a child with the clinical features of mesial 
temporal lobe epilepsy, following a past history of a pro- 
longed febrile convulsion. Whereas his conventional MR 
investigation was not conclusive, measurement of volumes, 



T2-signal change, and MRS metabolites strongly suggest 
presence of a left mesial temporal abnormality. 

The presence of HS can be suggested if hippocampal 
T2 values are higher than 2SD above the mean value 
in controls. In our populations, an abnormal increase of 
T2-relaxometry value was diagnosed if the measured value 
was increased for more than 9%. The values of the ipsilat- 
eral hippocampal T2 relaxometry can be used to classify the 
severity of HS into mild HS (T2 values between 9% and 
15% above normal), moderate, classical HS (T2 values 
between 16% and 25% above normal) and severe, classical 
HS (T2 >25% above normal). In a series of 37 patients, 
8 patients would have been classified as mild, 14 as moder- 
ate, and 15 as severe using this classification scheme (318). 

Based on the T2-relaxometry values it is not possible to 
distinguish whether a mild increase in hippocampal T2 
values reflects mild HS or mild seizure-associated d 
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FIG. 4.35. Hippocampal signal increase without hippocampal 
atrophy. This young man had refractory temporal lobe epilepsy. 
Electroclinical features suggested mesial temporal left seizure 
onset. MR imaging was performed on a 3T GE LX Horizon scanner 
(Milwaukee, USA). MR investigation showed increased signal in the 
left hippocampus, visible on T2-weighted and FLAIR images (A). 
However, the internal structure of the hippocampus is intact, visible 
on the IR images (B), and the hippocampal volume is not reduced 
(visible on all imaging modalities). Volumetric measurements of the 
hippocampus confirmed values within the range of healthy controls, 
without significant asymmetry between the two sides. T2 relaxometry 
confirmed increased T2 signal in the left hippocampus (C). 
T2-relaxometry acquisition and analysis was performed as 
described in Figure 4.1 . A standard left temporal lobectomy was per- 
formed. Histology showed minimal neuronal cell loss but extensive 
gliosis; no diagnosis of hippocampal sclerosis was made. The patient 
had a postoperative reduction in seizure frequency but did not 
become seizure-free. 



The hippocampus and the other mesial temporal structures 
are connected to many other brain areas and it is possible 
that the hippocampus is involved in seizure spread, arising 
from seizures originating in other brain regions. 



Correlation of Hippocampal T2-signal Increase 
with Hippocampal Volume Deficit 

In contrast to elaborate volumetric assessment, the meas- 
urement of T2 relaxometry is a quick technique and can be 
implemented in large studies and measured routinely by the 
radiographer or reporting radiologist (319). The measured 
value of both hippocampal volume and the T2 time are 
inversely correlated with each other (218, 247, 318, 320). 
The inverse correlation between T2 signal and hippocampal 
volumes is present in the ipsilateral hippocampus but not in 
the contralateral hippocampus (318). This indicates that a 
marked volume loss is associated with a significant increase 
in T2 relaxation time, or in other words that an atrophic 



hippocampus corresponds to a brighter signal in an indi- 
vidual T2-weighted image. 

Whereas it is true in general that volume loss mirrors 
signal increase, there are exceptions to this rule. Some 
refractory TLE patients have only minimal volume loss but 
T2 signal increase (see, for example Fig. 4.28) (232, 321), 
whereas others have normal T2-relaxometry values but hip- 
pocampal volume loss (130). Histopathologic examination 
showed marked gliosis but no neuron cell loss. In unselected 
patients with refractory TLE, up to 15% do not have 
detectable hippocampal atrophy on MRI. A recent study 
evaluated whether T2 relaxometry could identify hippocam- 
pal pathology in patients with normal hippocampal volumes 
on volumetry. It compared 1 1 TLE patients without atrophy 
with 14 TLE patients with unilateral atrophy (232). All 
TLE patients with hippocampal atrophy and 9/11 (82%) 
patients with normal MRI had abnormally high hippocam- 
pal T2 values ipsilateral to the epileptic focus, which was 
defined based on history, video-EEG, and surgical response. 
It was concluded that hippocampal T2 mapping provided 
evidence of hippocampal damage in the majority of patients 
with intractable TLE without hippocampal volume loss on 
MRI (232). 



Pathologic Correlates of Increased Hippocampal 
T2 Signal 

Hippocampal sclerosis, as defined by Margerison and 
Corsellis, consists of atrophy of the hippocampal formation 
associated with neuron cell loss and gliosis in CA1, CA3, 
and the granule cell layer of the dentate gyrus (CA4), 
with relative sparing of the CA2 region (126). Quanti- 
fication of neuronal density in the different hippocampal 
subfields has been consistently reported (92, 322, 323), and 
the reduction of neuron cell counts in HS patients is well 
recognized. 

The MR features of HS are well described and include 
volume decrease and T2-weighted signal increase for MRI. 
It is established that hippocampal volumes reflect neuron 
cell counts (206, 210, 245, 324). In contrast, the pathologic- 
anatomic correlate of increased signal on T2-weighted 
images is still controversial. It has been suggested that 
signal change reflects unspecific increased concentration 
and mobility of water (294). This can be found in edema 
(286), demyelination (325), or gliosis (326). In patients with 
refractory TLE, T2 signal increase in the temporal white 
matter has been suggested to reflect myelin abnormalities 
(discussed further below) (252, 327) or edema (252), 
whereas hippocampal signal increase has been suggested to 
reflect gliosis (280). 

Two studies have quantitatively assessed the relationship 
between T2 relaxometry and glial cell numbers in different 
hippocampal subfields (247, 313). One suggested that vol- 
ume loss was associated with neuronal cell loss and gliosis 
in different hippocampal regions (CA1, CA2, CA3, and 
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hilus), whereas the T2-signal increase was associated only 
with damage in CA1 and hilus (247). This study used 
neuron/glial ratios and the direct contribution of neuron and 
glial cells could not be inferred. The other study analyzed 
cell ratios and absolute cell counts in patients with refrac- 
tory TLE (313). A stepwise regression analysis suggested 
that the ipsilateral hippocampal volume was predicted best 
by the neuron cell count in the dentate gyrus (p- 0.005, 
r = 0.4). Hippocampal T2 time, on the other hand, was pre- 
dicted best by the glial cell count in the dentate gyrus 
(p = 0.01, r=0.4). Thus, T2-weighted signal increase in the 
hippocampus was mainly influenced by gliosis in the 
dentate gyrus, a region where a high proportion of glial cells 
show abnormal activity. 



Correlation of Hippocampal T2-signal Increase 
with Clinical Findings 

There is still debate as to whether T2-signal changes 
remain stable once HS has become established. There is 
evidence for progressive change with ongoing seizure 
activity (253, 304). This progression may be more easily 
seen in terms of volume deficits than T2 relaxometry (253). 
However, some reports have found a correlation of the 
T2-signal increase with the duration of the epilepsy, sug- 
gesting progressive change of T2 abnormalities as well (312). 



Hippocampal Sclerosis in the Absence of Epilepsy 

The MR features of HS can also rarely be found in 
subjects without any history of seizures, although this is 
controversial. In an unselected series of patients having an 
MR scan of the brain for other reasons than epilepsy, some 
indication of hippocampal abnormalities was found in 14% 
(29 of 204 subjects) (141). Some 9% had hippocampal atro- 
phy only, 1% had T2 signal abnormalities only, and 4% met 
the criteria for both (141). However, there were major flaws 
in this study. Some forms of TLE with HS may have a 
genetic background. First-degree relatives of patients with 
familial mesial temporal lobe epilepsy were studied (142); 
volumetric studies showed hippocampal atrophy in 34% of 
52 individuals. Increased T2 signal and/or abnormal internal 
structure were found in 14 of these 18 individuals. These 
two reports indicate that MRI evidence of HS is not neces- 
sarily associated with epilepsy and may occur in individuals 
who have never had seizures. 



Hippocampal Sclerosis with Incomplete 
Magnetic Resonance Features 

Hippocampal sclerosis without hippocampal atrophy has 
also been described (321, 130). In some cases the underly- 
ing pathology is typical HS and in some cases with similar 
imaging findings gliosis appears to be the major histologic 



finding in the hippocampus (Fig. 4.35). High signal in a 
hippocampus that does not show atrophy is not typical of 
HS. Similarly, atrophy without signal change requires expla- 
nation. The primary epileptogenic focus may not be in that 
hippocampus or the other hippocampus might be abnormal. 
In either case, atrophy without signal change on optimized 
images should be a reason for further thoughts. 



Hippocampal Sclerosis and Memory Function 

Particular interest has found the relationship between 
quantitative measures of hippocampal disease, including 
T2 relaxometry and memory function (233, 234, 315, 328). 
Jack argues the usefulness of T2 relaxometry in predicting 
the postoperative outcome in regard to verbal memory 
(329). Interestingly, one study found that increased hip- 
pocampal T2 signal was associated with memory ability 
independent of MRI-determined hippocampal atrophy. This 
suggests that quantitative T2 relaxometry is an independent 
predictor of verbal memory outcome (234). We also 
assessed a group of 31 TLE patients (25 left, 6 right) with 
unilateral HS (233). Principal components analysis of pre- 
operative memory data resulted in two factors. The arbitrary 
forms of verbal recall correlated with left hippocampal T2 
values, while semantic forms of verbal recall did not. This 
study suggests that abnormalities in the left hippocampus 
are related more to the acquisition of arbitrary associates 
than to semantically structured material (233). 



Quantitative Extrahippocampal Abnormality in 
Patients with Epilepsy 

The vast majority of quantitative MR studies using 
T2 relaxometry are focused on the hippocampus in patients 
with pathologically proven HS. Changes in other areas have 
also been documented. Amygdaloid changes were assessed 
in a study of 29 patients with newly diagnosed and 
54 patients with chronic temporal lobe epilepsy. In the 
newly diagnosed patients, the mean amygdaloid volume did 
not differ from that in controls. The mean T2 relaxation time 
in newly diagnosed or chronic patients did not differ from 
each other or from control values. However, unilateral 
T2 time of the amygdala was prolonged in 12% (171). 
T2-weighted signal abnormalities have also been observed 
in the anterior temporal lobe of TLE patients (252, 330), 
although their etiology and relevance is not known. We have 
recently observed T2 relaxometry changes outside the 
ipsilateral hippocampus of patients with HS, affecting 
the subcortical structures. These observations suggest that 
the structural signal abnormality in HS is not restricted 
to the seizure focus but may affect other areas such as the 
amygdala and the anterior temporal lobe, contralateral 
hippocampus, or even more distant areas such as 
subcortical structures. All these areas may be involved in the 
spread of the seizure activity. 



Temporal Lobe Epilepsy / 135 



Can Mesial Temporal Abnormality Reflect 
Nonepileptogenic Secondary Damage? 

Sensitivity has increased in imaging techniques. When sen- 
sitivity is poor, it is likely that the abnormalities detected are 
major and likely to be causative for the epilepsy syndrome. 
There is increasing evidence that seizures themselves may 
cause detectable abnormalities as techniques improve. If this 
is so, then merely the detection of abnormality may not 
define the epileptogenic area even though it is likely to 
reflect something important about the seizures. For example 
it is not certain whether MRS abnormalities detected in the 
absence of any imaging lesion (331, 332) represent the 
cause or the effects of seizures (333). This issue of the sec- 
ondary effects of seizures is dealt with in more detail later in 
this chapter. 



HIPPOCAMPAL DYSPLASIA 

Hippocampal dysplasia is a nonspecific term that is used 
to mean a developmental abnormality of the hippocampus 
(see Chapter 6 for a full discussion of malformations of 
cortical development). In this context it is defined by the 
presence of distinct architectural and cellular abnormalities 
in the hippocampus. Although there is debate as to what the 
role of development is in the origins of HS, we do not 
include HS as dysplasia. We include hippocampal dysplasia 
here because of the imaging issues, which are similar to HS. 
The major importance of hippocampal dysplasia is that it 
can be a major cause of determining the incorrect side for 
HS. That is, the smaller hippocampus is often considered to 
represent HS. This can be easily done if sequences without 
strong Tl or T2 contrast are obtained, or when the size of the 
hippocampus (atrophy) is the sole feature of HS that is used 
diagnostically. When dysplasia increases the size of the 
hippocampus, the normal hippocampus can be diagnosed as 
HS (Fig. 4.36). We have seen this happen on a number of 
occasions when insufficient attention has been given to the 
signal characteristics and internal structure as features of an 
abnormal hippocampus. 

These cases are usually diagnosed preoperatively with 
optimized imaging demonstrating the morphology and sig- 
nal characteristics of the hippocampus (Figs. 4.36-4.38). 
There is a range of underlying microscopic abnormalities 
seen in the resected hippocampi (Fig. 4.39). 



TEMPORAL LOBE OTHER THAN 
THE HIPPOCAMPUS 

Sclerosis of the Amygdala 

Although most of the attention has been given to the hippo- 
campus, we must not forget that the amygdala (as well as 
the temporal pole and entorhinal cortex) is also involved in 
the pathologic process in mesial temporal sclerosis (9, 88, 



115, 127). The amygdala sits on top of the hippocampal 
head at the level of the anterior commissure and it can 
be problematic to separate the hippocampal head from the 
lateral amygdaloid nucleus at that level (226). As pointed by 
Jack et al. (208, 265), disarticulating the uncus, amygdala, 
and hippocampus anteriorly sometimes requires arbitrary 
judgments. Using qualitative three-dimensional studies, 
atrophy of the amygdala can be diagnosed (161, 163). 
However, atrophy of the amygdala is uncommon without 
concomitant hippocampal atrophy. 

The majority of quantitative MR studies using T2 relax- 
ometry are focused on the hippocampus in patients with 
pathologically proven HS. Changes in other areas, particu- 
larly the amygdala, have also been documented (165-167, 
171, 172, 178, 236, 334). Amygdaloid changes were 
assessed in a study of 29 patients with newly diagnosed and 
54 patients with chronic temporal lobe epilepsy. In the 
newly diagnosed patients, the mean amygdaloid volume did 
not differ from that in controls. The mean T2 relaxation time 
in newly diagnosed or chronic patients did not differ from 
each other or from control values. However, unilateral T2 
time of the amygdala was prolonged in 12% (171). 

We have proposed that the amygdala can be best seen in 
tilted axial images in which clear separation of the hip- 
pocampus and amygdala is possible (Fig. 4.40), together 
with the standard coronal images (see top row of Fig. 4.19). 
Visual diagnosis of amygdaline sclerosis has proven to be 
very difficult except in rare cases. Because of the difficulty 
of using manual volume-based measurements, one effective 
way to assess the amygdala is with quantitative methods 
such as T2 relaxometry and volumetry (165-167, 171, 172, 
178, 236, 334). 



Parahippocampal Gyrus Abnormalities 

Other indirect features of mesial sclerosis commonly 
seen in these patients are the presence of parahippocampal 
gyrus atrophy and sometimes signal change. These changes 
are difficult to visualize but with optimized images one can 
evaluate the presence of thinning of the underlying white 
matter and blurring of the gray/white matter pattern. This 
usually depends on having images that assess signal change 
well (Fig. 4.41). 

Similarly, changes of the collateral white matter, which is 
located between the hippocampus and the collateral sulcus, 
are occasionally seen (245). In some cases, abnormality of 
the parahippocampal white matter can be the only clue to 
the origin of seizures. Seizures originating in the parahippo- 
campal region can mimic many different epilepsy syndro- 
mes, most probably because of the patterns of spread from 
this area. Typically they present as ipsilateral temporal lobe 
seizures. Sometimes the seizures can first appear in the con- 
tralateral (normal) temporal lobe, as in the patient shown in 
Figure 4.41. This can be a cause of disconcordant findings 
and poor outcome in MRI-negative TLE, as the EEG find- 
ings point to the incorrect side and the imaging features are 





FIG. 4.36. A. The left hippocampus is abnormal, with abnormal signal 
and increased size. Sometimes, if images that assess hippocampal 
signal are not acquired, this can be mistaken for hippocampal atrophy 
on the normal side. The histologic diagnosis after surgical resection 
was left hippocampal dysplasia. B. The right hippocampus is of nor- 
mal size but has disrupted internal structure. After resection this was 
hippocampal dysplasia but no hippocampal sclerosis, despite seizure 
origin in the right mesial temporal region. C. This is the same case as 
in B. On inversion recovery images, there is abnormal signal seen in 
the right hippocampus. The abnormal signal is in the CA1 and end 
folium and appears more localized than in the T1 -weighted 3D 
volume study (B). There was hippocampal dysplasia but no definite 
neuronal loss to suggest HS. These focal changes may represent 
signal change in the sectors of the hippocampus involved in seizures. 
Compare this to Figures 4.27, which was the hippocampus contralat- 
eral to the seizure focus, and 4.33, where this pattern was seen prior 
to progression to hippocampal sclerosis. 




FIG. 4.37. Hippocampal malformation with increased hippocampal volume and signal: This 30-year-old man has frequent day and night time 
seizures, which are refractory to antiepileptic medication. During a typical seizure, he stands still and picks at his clothes for a duration between 
30 seconds and 10 minutes. He has a borderline IQ. MR imaging was performed on a 3T GE LX Horizon scanner (Milwaukee, USA). On the 
left is a slice through the hippocampus acquired with a FLAIR sequence. Note the increased signal in the region of the left hippocampus. The 
right image shows a slice through the hippocampus acquired with a T2-weighted sequence. Note the increased signal in the region of the left 
hippocampus. In contrast to hippocampal sclerosis, there is no atrophy, but volume increase. Hippocampal T2 relaxometry was within normal 
limits on both sides; the measurement was taken in the body of the hippocampus. However, the measurement on the left side was slightly higher 
than on the right side (right 95 ms, left 104 ms, normal >107ms). 
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FIG. 4.38. Increased signal in the larger right hippocampus and 
extending into the parahippocampai gyrus. This is a foreign tissue 
lesion that included focal hippocampai dysplasia on histological 
examination. 



considered subtle, possibly due to artifacts of the sort shown 
in Figure 4.15. 

Seizures can also spread to the parietal region, as was the 
case with the patient shown in Figure 4.42. In this case pari- 
etal resection was performed, based on intracranial monitor- 
ing. Subsequently, and after recognition of abnormality in 
the parahippocampai region in the MR images, posteriorly 
inserted electrodes confirmed the origin in the parahip- 
pocampai gyms. Resection of this area led to freedom from 
seizures and the patient has been seizure-free and off med- 
ications for more than 5 years. We believe that posterior 
parahippocampai lesions, like occipital lesions, mimic 
seizures arising in other locations in patients with intractable 
epilepsy. This area should be carefully evaluated in MRI- 
negative patients as the abnormality can be subtle. 



DUAL PATHOLOGY: EXTRAHIPPOCAMPAL 
PATHOLOGY ASSOCIATED WITH HIPPOCAMPAL 
SCLEROSIS 

The definition of dual pathology is the presence of an extra- 
hippocampal structural lesion and hippocampai pathology in 
the same patient (+HS). The exact incidence of dual pathol- 
ogy in temporal lobe epilepsy is difficult to ascertain but it 
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FIG. 4.39. A. Photomicrograph showing hippocampai dysplasia with 
a collection of abnormal cells (large arrow) in the hippocampus 
peripheral to the dentate gyrus (labeled) in the striatum lacunosum 
moleculare/radiata. B. Photomicrograph showing mesial temporal 
dysplasia with abnormal structure of cellular and sparse areas in the 
entorhinal region. This area normally has an unusual microarchitec- 
ture, but this structure is abnormal. C. Hippocampai dysplasia where 
there are abnormal cells in the hippocampus. 



is common in MR imaging series and is usually on the same 
side as the HS (Table 4.3). 

In pathology series there are difficulties associated with 
surgical and pathologic sampling and histologic classifi- 
cation. Bruton reported dual pathology in 7.2% of cases in 
the Maudsley series (127) but in many ways pathologic 
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FIG. 4.40. Amygdala sclerosis: abnormal signal can be seen in the mesial temporal region and primarily involving the amygdala. Because of the 
architecture of the amygdala, abnormality in signal is often the clue to focal abnormality. (Courtesy of Wim Van Paesschen (166).) 



assessment is a poor way to assess the presence of additional 
lesions when only resected specimens are available for 
analysis. The majority demonstrated HS associated with 
'foreign' or 'alien' tissue lesions, developmental lesions, or 
trauma. Babb et al. (90, 91) reported a 20% incidence of dual 
pathology in temporal lobe specimens and Levesque et al. 

(335) reported an incidence of 30.3% among 178 patients 
who underwent temporal lobe resections. For practical 
reasons this must be an underestimate of the true incidence. 

Levesque et al. found that hippocampal cell loss was less 
common in dual pathology than in patients without extrahip- 
pocampal pathology. The distribution and severity of hippo- 
campal damage was associated with the type of pathology. 
The hamartoma and glioma groups had the least cell 
loss and the heterotopia group had the most severe loss. 
The presence of mild changes prompted the authors to pro- 
pose that extrahippocampal pathology could produce, by a 
similar mechanism to kindling, damage to the hippocampus. 
Despite the attractiveness of this hypothesis, Kim et al. 

(336) did not find hippocampal cell loss in patients with 
temporal lobe gliomas, pointing out that these lesions are 
epileptogenic on their own. 

In dual pathology the best surgical results are obtained 
when both HS and the second lesion are removed (262, 
337-339). Failure to render a patient with HS seizure-free 
after anterior temporal lobectomy may be due to the pres- 
ence of a cortical dysplasia that was not detected on standard 
MR imaging (340). There are a number of cases in all sur- 
gical series that date back to the pre-MR era, in which 
unrecognized and unsuspected second pathologies are 
subsequently found, often on the side of the resection 
(e.g. insular developmental malformations, as in Fig. 4.43, 
and a more subtle example of insular gyral abnormality, in 
Fig. 4.44). There is no doubt that HS exists in these cases 
and that they have TLE. 



FIG. 4.41. These images show the problem of parahippocampal 
epilepsy. The clinical syndrome was mesial temporal epilepsy. 
Bilateral depth electrodes were implanted and the seizures 
appeared to arise from the right mesial region. After recognition of 
the abnormal parahippocampal region on the left (arrows), this 
region was eventually resected, with an excellent outcome. Some 
simple partial seizures persist but the majority of complex partial 
seizures resolved. 
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FIG. 4.42. This patient had complex partial seizures and was extensively investigated with intracranial monitoring and supported by ictal spect; 
a focus was found in the right parietal region. Resection of this (A) did not improve his seizures. Signal change in the parahippocampal gyrus 
was noted on subsequent investigations (B). Note the loss of clarity in the white matter of the parahippocampal region (arrows). Depth elec- 
trodes in the parahippocampal region confirmed this as the origin of seizures. The patient has been seizure free for 5 years following resection 
of the right medial temporal region. This is an example of parahippocampal epilepsy, which can mimic seizures from many other regions, includ- 
ing the parietal and contralateral temporal regions. 



The development of new MRI techniques and postpro- 
cessing protocols enable us to detect these subtle malforma- 
tions (341, 342) with ever greater sensitivity (Chapter 8). As 
discussed above, the increasing problem is to determine 
whether the abnormalities in addition to the HS are part of 
the same injury that is represented by the hippocampal scle- 
rosis (HS+) or a pre-existing and separate abnormality that 
may be important in the pathogenesis and seizure generation 
(+HS). The HS and second pathology are typically on the 



same side - suggesting a possible reason for predominantly 
unilateral HS (see Table 4.3). 

There are also many MR examples of progression of 
lesions and development of HS after seizures from another 
source, as for example in Figure 4.45. Here, a swollen hippo- 
campus without atrophy was seen on initial imaging when 
the patient presented with status epilepticus from the caver- 
noma bleed. As can be seen in the figure, classic HS evolved. 
This is dual pathology in which the temporal relationship 



Table 4.3. Unilateral Hippocampal Sclerosis and the Side of the Extrahippocampal Lesion 
(see 461, 462) 

Raymond etal. 1994 Li et al. 1 997 (338) Hoetal. 1998 A & RMC 

Ipsilateral to hippocampal 
hippocampal 



Bilateral 
extrahippocampal 
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FIG. 4.43. Dual pathology with periventricular polymicrogyria (arrowed) with thickening of the gray matter on the side ipsilateral to hippocampal 
sclerosis (arrowhead in A). 




FIG. 4.44. Dual pathology with multiple small gyri in the frontal 
operculum ipsilateral to hippocampal sclerosis. 



between the initial event and the subsequent HS can be 
documented. There is no longer any doubt that this sequence 
is not uncommon and that epileptogenic HS can be second- 
ary to such an injury, even though we often see examples 
(Fig. 4.46) where the causal mechanism is unknown. 
Of course this does not mean that all HS is acquired in this 
manner (see below). 

The most extreme example of a condition that may 
appear to have significant extrahippocampal abnormality is 
the hemiplegia, hemiatrophy, and epilepsy (HHE) syndrome 
(Fig. 4.47). From talking to older epileptologists, it appears 
that this syndrome is less common than it used to be. One 
reason might be that prolonged seizures in childhood are 
more readily and aggressively treated. We do not really 
consider this to be dual pathology, as it is likely that the 
HS and the other abnormality are part of the same injury 
(HS+). 



ANTERIOR TEMPORAL LOBE SIGNAL AND 
VOLUME CHANGES ASSOCIATED WITH 
HIPPOCAMPAL SCLEROSIS (HS+) 

Over 30 years ago, Falconer and Corsellis noted that 
HS was part of a continuum of abnormalities found in the 
temporal lobe, stating that "the process, although mainly 
affecting the mesial gray matter in the temporal lobe may 
spread widely throughout the lobe leading to generalized 
atrophy and gliosis of both cortex and white matter" (12). 
Likewise, surgeons have frequently noted macroscopic 
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FIG. 4.45. This patient had familial cavernous angiomas and had a single seizure lasting 45 minutes at 13 months of age. Postictal left-sided 
weakness occurred for 24 hours after the seizure. Complex partial seizures began at age 2.5 and progressed to 2 seizures/day typical of TLE. 
The top image shows the nonhippocampal lesion, suggesting a cavernous angioma that has bled. The top row of images were taken at 13 
months, 24 hours after the prolonged seizure, and show increased hippocampal signal but no atrophy. The bottom row of images were acquired 
13 months later when complex partial seizures of temporal type began. The patient now has typical right hippocampal sclerosis. 
(Courtesy of Simon Harvey, Royal Children's Hospital, Melbourne, Australia.) 



changes in the temporal lobe, especially in the superior tem- 
poral gyrus, and have often noted an abnormal consistency 
of the temporal lobe specimen. 

Magnetic resonance studies show that abnormality in 
the anterior temporal lobe is common in patients with HS 
(Fig. 4.48) (138, 252, 327, 343, 344). Like the initial obser- 
vations in HS, anterior temporal lobe changes have often 
been incorrectly attributed to artifacts caused by partial 
voluming, flow or field inhomogeneity (see Fig. 4.15). 
These changes are exclusively on the side ipsilateral to the 
seizure focus and there are no similar changes in control 
cases imaged in an identical fashion, mixed with the patient 
scans and reported in a blinded fashion (252). The main 
possibilities that have been assumed as an explanation were 
either gliosis of the anterior temporal white matter, or devel- 
opmental abnormalities such as ectopic neurons, which 



are known to be more frequent in patients with HS (345). 
Ho et al. (345) assumed that all cases had the same abnor- 
mality as the few in which histopathology was available. 
Subsequent detailed studies of this abnormality show that 
this is not the case (252, 327) and this abnormality should 
not be interpreted as having the same significance as dual 
pathology. It now seems clear that these changes reflect a 
persistent immature state (or a failure of postnatal develop- 
ment including myelination) of the anterior temporal lobe. 



Magnetic Resonance Imaging Features of 
Anterior Temporal Lobe Abnormalities 



Anterior temporal lobe (AT) signal abnormality consists 
of increased T2 signal and decreased Tl signal within the 
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FIG. 4.46. This patient had seizure onset at the age of 9 years following normal development to that stage. The seizures were complex partial 
with no focal features, Neuropsychology showed diffuse abnormality with verbal IQ 83, performance IQ 58. The EEG showed interictal 
high-amplitude slow waves over the right hemisphere. Quantitative evaluation of the hippocampus showed bilateral abnormality, marked and 
sclerotic on the right (T2 left 112, right 121 . Normal <108). The long arrow shows an unusual destructive lesion in the medial frontal region with 
loss of the corpus callosum. Further anteriorly, there is thickened cortex suggesting a malformation of cortical development. The arrowhead 
indicates hippocampal sclerosis. 



affected anterior temporal lobe white matter (Fig. 4.49) 
(330). This is often associated with atrophy (Fig. 4.50). 
These findings commonly result in reduced definition of the 
gray-white matter boundary and apparent shrinkage of the 
white matter core of the temporal pole on protein-density 
(PD)- and T2-weighted images. These changes are most 
easily identified as predominantly white matter signal change 
but, on the inversion recovery sequence, abnormal signal can 
often be appreciated in the cortical gray matter as well as 



in the white matter. These changes can be seen on all pulse 
sequences using careful windowing but, when subtle, they 
are most readily appreciated on T2- and PD-weighted images 
(Fig. 4.51). 

Mitchell (252) reported the frequency of ipsilateral AT 
abnormality in patients with intractable TLE to be 58%, and 
64% in the group with HS. This is similar to the 71% 
reported by Meiners et al. in their smaller group (327). 
However, these changes are not exclusive to HS, as identical 




FIG. 4.47. This patient had congenital right body hemiplegia and s< 

complex partial events. Development was delayed. There is marked loss of tissue ir 

on that side, interpreted as hippocampal sclerosis. 



jt the age of 6 weeks. There were simple partial and 
itire left hemisphere, and an abnormal hippocampus 
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FIG. 4.48. Changes in the anterior temporal lobe are seen on 
the right side. The features are increased T2-weighted signal in the 
white matter and loss of clarity of the gray-white matter junction. 
Although these features can be seen in malformations of cortical 
development, this is not the explanation in cases such as this. Proton 
density image. 



changes were seen in isolation, and in two patients with 
cavernous hemangioma in Mitchell's series. One other 
patient with abnormalities eventually proved to be due to 
Rasmussen's encephalitis also had similar changes. 
Therefore, while the major association is with HS, this ante- 
rior temporal abnormality occurs in the broader context of 
intractable TLE, with various underlying pathologies. 



Pathology correlations of these findings 

The surgically resected temporal lobe specimens from 
patients with intractable TLE have a number of abnormalities 
not seen in normal controls. The major pathologic findings are 



listed in Table 4.4. Pathologic findings include degenerative 
changes, which might be encountered in normal aging brains, 
minor dysplastic or microdysgenesic changes, and inflam- 
matory changes. Degenerative findings include dilated 
perivascular spaces, accumulation of corpora amylacea, and 
fibrous thickening of the leptomeninges. The most com- 
monly encountered microdysgenesic change is an apparent 
increase in white matter neurons. Histopathologic quantita- 
tion studies have suggested that this is a real phenomenon, 
although volume changes in the resected temporal lobes may 
account for at least some of the apparent increase. In the 
cortex, the frequency of very minor abnormalities, such as 
the occurrence of medium- or large-sized neurons in the 
molecular layer, is increased in specimens from epileptic 
patients compared with normal controls. Minor inflam- 
matory changes are also commonly found, usually consisting 
of small numbers of perivascular macrophages and lympho- 
cytes in the subarachnoid space and the white matter 
itself. 

All these minor changes are equally common whether AT 
change is present on MR scans or not. There is no difference 
in the frequency, or severity of these histologic findings 
between the MR groups. Molecular layer gliosis and minor 
inflammatory changes were very different in both patient 
groups when compared to the control groups, but this did 
not differentiate cases with anterior temporal MR abnormal- 
ity from the MR-negative ones. A possible interpretation of 
these MR changes has been the presence of minor dysplastic 
or developmental abnormalities in the AT lobe. Minor 
microdysgenesis appears to be more frequent in patients 
with TLE than in controls but their presence equally in fre- 
quency and severity in the two groups appears to exclude 
microdysgenesis as the cause of the visible AT change. 

To simply interpret these AT changes as developmental 
abnormality in the sense of a pre-existing pathologic process 
separate to the HS is incorrect. Diffuse gliosis would agree 
with the established explanations of high T2-weighted signal 
reflecting gliosis in HS. Quantitation of glial cell counts sup- 
port the observation of Falconer and Corsellis (12) that there 
is gliosis in the temporal lobes of these patients when com- 
pared to controls. However, there is no difference between the 
AT and non-AT group in the density of glial cell nuclei in the 



Table 4.4. Histopathologic findings in the Anterior Temporal Lobe (252) 



Finding (n = 42) 



AT signal change 
(n = 25) 



No AT signal chc 
(n = 17) 



Controls 
(n = 11) 



Dilated perivascular spaces 
Corpora amylacea 
Prominent white matter 
Molecular layer gliosis 
Minor inflammatory change 
Oligodendroglial cell clusters 

AT, anterior temporal lobe. 
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FIG. 4.49. This is a severe example of signal change in the anterior temporal lobe and temporal pole. The T2-weighted image (A) shows high 
signal in the temporal white matter, in this case even greater than the gray matter (long arrow). The heavily T1 -weighted IR sequence (B) shows 
decreased signal in temporal white matter. Abnormal signal is also in the atrophic hippocampus and was proved to be typical hippocampal 
sclerosis. There was no developmental abnormality in the resected temporal lobe. 



temporal white matter. In common with Mitchell's study, no 
convincing pathologic abnormality was observed in Meiners's 
reports (327, 330, 343) of these findings. 

In the absence of gliosis or minor dysplasia as an expla- 
nation of these MRI findings, it is tempting to attribute them 
to defective myelination, failure of myelination, or loss of 
myelin, due either to seizures or to an early childhood event. 



Abnormal temporal lobe myelination is unlikely to be the 
whole explanation, as the signal change involves the cortical 
gray matter in some cases. We now believe these changes 
are due to an arrest in development of the temporal lobes 
and persistence of immature cell types (465) and myelin. 
The immature temporal lobe does indeed look remarkably 
like the changes we describe (Fig. 4.52). 




FIG. 4.50. This is a subtle example of anterior temporal lobe abnormality seen on heavily T1 -weighted IR images. Careful examination of the 
white matter shows decreased signal in the right temporal lobe core (A). There is also subtle atrophy, particularly of the superior and middle 
temporal gyrus on the right (B). The left image shows abnormal signal in the mesial gray matter, which is more obviously in the hippocampal 
body. 
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FIG. 4.51. Subtle changes in the anterior temporal lobe seen on T2-weighted images. The left image shows increased signal in a small hip- 
pocampal head consistent with hippocampal sclerosis (short arrow). The anterior temporal lobe white matter core is poorly defined compared 
to the contralateral side (long arrow, B). 



The anterior temporal lobe abnormality is present in chil- 
dren with the same frequency as adults (about 66% of cases 
with HS), suggesting that it is not the consequence of long- 
standing seizures (138). It is the arrested myelination that 
most probably gives these signal changes. Atrophy, on the 



other hand, is likely to be a combination of arrest of growth 
and secondary damage from seizures. The temporal pole is 
the last part of the cortex to fully develop and myelination 
and other developmental changes occur here up to 80 months 
after birth. 




FIG. 4.52. A. A 10-year-old boy with TLE and definite and classical HS on the left side. The anterior temporal lobe shows marked signal change 
similar to that see in Figure 4.49. This extends through the temporal lobe and can involve the insula, as in this case. B. A normal 12-month-old 
boy. Note the similarity of this normal developmental stage with the persistent features in our patient with HS and TLE. 
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The finding, in a children cohort, that an initial precipi- 
tating event before the age of 2 almost always leads to this 
change, suggests that the injury that causes hippocampal 
damage causes changes in the immature AT that arrests its 
development. There is no correlation between the presence 
of AT changes on MRI and length of seizure history or age 
of onset of epilepsy. There is no difference in seizure-free 
outcome between the groups with and without AT changes. 
The temporal pole is virtually the last area of the brain to 
mature, and this may make it vulnerable to the effects of 
seizures. 

In the patients with HS, there is an association between 
AT signal abnormality and the severity of HS as determined 
by a higher T2-relaxation time within the hippocampus. 
Severity of insult as a cause of this change is supported by 
the significant twofold increase in the incidence of febrile 
convulsions in the patients with AT changes. 

There appears to be few consequences of anterior tempo- 
ral abnormality (138, 252). Neuropsychologic findings 
appear to be identical in patients with and without this, 
seizure outcome is the same, and postoperative memory 
deficit in left-sided operations was the same in both groups 
(138, 252). Overall it seems that the AT MR changes do not 
determine functionality of tissue. 

One must always be careful not to assume that all ante- 
rior temporal changes in signal are due to the same process; 
other causes must be recognized. True developmental abnor- 
mality, if severe, can give this appearance (Fig. 4.53). 




FIG. 4.53. An example of a focal cortical dysplasia, which can give a 
similar appearance in the anterior temporal lobe. Coronal T2 image 
showing increased signal from the left temporal lobe, which has a 
more focal distribution than is the case for the more diffuse anterior 
temporal lobe change. No mass effect is seen. 



HOW IMAGING HAS HELPED 
UNDERSTANDING OF THE EPILEPTOGENIC 
PROCESSES IN TEMPORAL LOBE 
EPILEPSY 

The Origins of Hippocampal Sclerosis 

Some facts about HS are undoubted. The histopathologic 
and MR features of this lesion have been recognized and 
are well described. The epileptogenic properties of this 
lesion have also been investigated. There is a broad consen- 
sus that HS is epileptogenic and that removal of this struc- 
ture has a high chance of rendering the patient seizure-free. 
The clinical pattern of the epilepsy associated with HS has 
been described, and there has been some controversy about 
whether the clinical features are distinct enough to call TLE 
with HS a specific syndrome. The major controversy in HS, 
however, relates to the etiology of this lesion. Several possi- 
bilities have been discussed in the literature: 

• HS is an acquired, epileptogenic lesion 

• HS is a developmental, epileptogenic lesion 

• HS is a combination of several factors. 



Types of Hippocampal Sclerosis that can be Defined 
with Magnetic Resonance Methods 

The features of volume loss, signal change, and abnormal 
morphology are now well recognized. Volume loss with 
abnormal signal within the hippocampus probably does not 
have the same meaning as volume loss alone. Similarly, HS 
in the context of another distinct lesion may need to be inter- 
preted differently. Also, abnormalities are often not confined 
to the hippocampus, or even solely to the epileptogenic 
temporal lobe (346). We might ask: Why is HS typically 
unilateral? Why is 'dual pathology' so common? Why are 
there regional abnormalities? Why after successful surgery 
is there late seizure recurrence? 

If we summarize the findings in the brain that are 
detectable by MR imaging methods (see Fig. 4.4), we can 
recognize that at least three major subgroups exist (see 
Table 4.2). This first two of these seem to fit with 
the basic concepts we have of essentially classical HS. 
These are: 

• Classical HS. In this case HS with volume loss and 
signal change is the sole lesion. As we have discussed, 
increasing sophistication of analysis and imaging 
demonstrates a range of other abnormality in the brain of 
these patients (e.g. see Fig. 4.35) 

• HS+. In this situation there is identified abnormality in 
addition to HS, but the abnormality is not a definitely 
different lesion (such as temporal pole white matter 
signal abnormality, temporal lobe, or hemisphere 
atrophy) 
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The findings that are typical on MR studies in these first 
two categories are summarized in Table 4.2. If all patients 
with HS are considered, rather than only those who come 
to surgical resection, then the observations divide into the 
asymmetric HS cases and the symmetric HS cases. The latter 
can be seen in children with very bad seizures and syn- 
dromes other than TLE. These children may have a very 
poor intellectual and life prognosis and are best known to 
pediatricians where intellectual and milestone gains are lost 
with every bout of bad seizures. The mechanism of damage 
is easier to understand in these cases, with seizures being 
postulated to cause neuroexcitotoxic release of neurotrans- 
mitters or other substances, and the damage occurring to the 
most vulnerable areas (see Fig. 4.4 and Table 4.2), although 
it may include other areas to a lesser extent (318). The indi- 
viduals most affected may have a high vulnerability to dam- 
age via unknown, possibly genetic mechanisms (347-349). 
See also the model presented below, and the discussion of 
secondary damage from seizures. 



+HS, Where Hippocampal Sclerosis is Present in 
Addition to Another Clearly Identified Lesion (Such 
as a Focal Tumor or Definite Dysplasia) 

This group is the well-known 'dual pathology' problem 
in epilepsy. We do not include nonspecific white matter signal 
changes as part of this, as this only sometimes represents 
true dual pathology such as dysplasia (252). In cases that 
have a predominantly unilateral or asymmetric nature, the 
condition is easier to understand if we assume that the 
hippocampal damage is initiated by a seizure that persists 
beyond a neurotoxic threshold in one temporal lobe because 
of a focal abnormality (Fig. 4.54) in that hemisphere. This is 
supported by an analysis of the side of an extrahippocampal 
lesion and the side of HS (see Table 4.2). 

It is tempting to suggest that all unilateral HS cases with- 
out dual pathology may be hiding some undetected focal 



Two ways in which seizures might cause lateralised HS and damage 




FIG. 4.54. Persistence of an epileptic seizure in one temporal lobe 
due to abnormality, in this case in the cortex (left). Once hippocam- 
pal sclerosis is present, the areas of maximal seizure spread are 
suggested in the right panel. This process could represent two 
stages of damage, the first to establish hippocampal sclerosis and 
the second that accounts for the other areas of damage seen with 
hippocampal sclerosis (HS+). 



abnormality but the evidence for this does not exist in all 
cases. In some examples a focal microscopic abnormality 
might be present in the resection specimen and we would 
consider these to be +HS. In cases such as the one shown in 
Figure 4.44, the sequence of events has been proved by MRI 
observations to occur in this way. In some cases the seizure 
may not have an underlying structural abnormality, such as 
a febrile seizure. More important here might be the struc- 
tures that maintain and prolong the seizure. When seizures 
are prolonged, the vulnerable structures may be affected by 
supraphysiologic release of excitatory neurotransmitters. 
This mechanism might be lateralizing if there is a priming 
event. If the seizures are prolonged and involve vulnerable 
structures in their mechanism of maintenance and spread, 
then damage may be diffuse, with the most vulnerable struc- 
tures being most affected (Fig. 4.55). One can postulate that 
there are many factors, such as immune response, synaptic 
release of neurotransmitter, blood flow response, and many 
others that may be important in the threshold at which dam- 
age occurs (Fig. 4.56). 

It is clear that not all abnormalities currently labeled HS 
are the same thing. HS, like congestive cardiac failure, is not 
a diagnosis but a pathologic endpoint for a number of dif- 
ferent processes that need to be diagnosed. Increasing 
sophistication in understanding these differences will lead to 
better understanding of the process of epileptogenesis, and 
treatment correctly tailored to each patient. Determining 
whether the patient has +HS or HS+ or some hippocampal 
abnormality such as dysplasia that includes some features of 
HS is critical in correct treatment and preventing late seizure 
recurrence (349, 350). It is likely that, when HS exists, it is 
the most highly epileptogenic lesion and may mask the pres- 
ence of another pathology with lesser epileptogenicity until 
surgical resection is performed. 



Bilateral symmetric hippocampal damage 




FIG. 4.55. In cases where there is bilateral symmetric hippocampal 
damage, seizures may involve the whole brain with no specific focality. 
Bilateral hippocampal damage may be because of a severe seizure 
or vulnerable brain. 
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MR findings 




FIG. 4.56. The elements that may be important in the genesis of 
hippocampal sclerosis and the MR findings in this condition. There 
needs to be a trigger to the first seizure: this can include a genetic 
background and environmental factors (such as a fever). The 'bell' 
curve is intended to suggest that only some of the population will be 
affected in this way. This trigger than acts on the brain substrate to 
cause injury. The 'MR findings' in the brain may be a combination of 
pre-existing development and injury. The 'bell' curve suggests that 
there may be a distribution of individual vulnerability to a given 
seizure load, with some individuals having more damage from sup- 
raphysiologic release of neurotransmitters than others. This may 
include factors such as the response to inflammation. 



Evidence of Initial Precipitating Insults in Patients with 
Hippocampal Sclerosis 

Patients with chronic, refractory TLE associated with HS 
often report a significant event that happened several months 
or years prior to the onset of the habitual seizures. Overall, 
60-80% of HS patients have had such an initial precipitat- 
ing injury. The most common initial precipitating injury is 
prolonged febrile convulsions during infancy or early child- 
hood (48). Complicated febrile convulsions have been 
reported in around 50% of cases of HS (94, 98, 130, 150, 155, 
351). Other factors that are typically regarded as risk factors 
for epilepsy are severe perinatal events (documented intra- 
ventricular hemorrhage, skull fracture, severe birth asphyxia 
defined as failure to establish spontaneous respiration within 
20 minutes of birth, Apgar 0-3 at 5 min, or umbilical artery 
pH <7.0), severe postnatal head injury (documented coma 
for >2h, documented contusion, or cerebral hemorrhage), 
significant cerebral infection (documented viral encephalitis, 
bacterial meningitis, or cerebral abscess), stroke (intracere- 
bral hemorrhage or major cerebral infarction), and cerebral 
tumour (48, 155). However, these risk factors have been 
associated with a variety of types of epilepsy and may not all 
be a risk factor for the development of HS. 

This is in contrast to domoic acid intoxication, a glutamic 
acid analog, which causes a limbic status epilepticus, speci- 
fically causing hippocampal damage and HS, with develop- 
ment of TLE (302). Further, minor risk factors have often 



been associated with epilepsy, such as prematurity, low 
birthweight, mild head injuries, and uncomplicated febrile 
seizures. However, there is no scientific proof that they pre- 
dispose to HS or epilepsy. 

Evidence for Hippocampal Sclerosis as an Acquired, 
Subsequently Epileptogenic Lesion 

The presence of an initial precipitating insult suggests an 
acquired etiology of HS. It is thought that these early events 
could damage the hippocampal tissue, so that after some 
reorganization process, this tissue could then become epilep- 
togenic. A major proportion of the patients with antecedent 
events have had a prolonged febrile convulsion. In humans, it 
has been proposed that there is a critical period (up to 5 years) 
when the hippocampus is susceptible to damage from pro- 
longed seizures (352-354). It has been supposed that the adult 
human hippocampus is resistant to these changes except in 
special cases such as domoic acid poisoning (302). This may 
suggest that a prolonged seizure early in life may be particu- 
larly likely to induce a cascade of events leading to HS. 

Indeed, several recent MRI studies have shown that pro- 
longed (febrile) convulsions can damage the hippocampus 
acutely, with progressive changes to HS in the following 
months (297, 355, 356). VanLandingham et al. (357) per- 
formed MRI scans in 15 infants with focal complicated 
febrile convulsions and 12 infants with generalized febrile 
convulsions. In four of the 15 infants with focal complicated 
febrile convulsions, acute hippocampal damage was found, 
characterized by an increased hippocampal T2 signal and 
volume, consistent with edema. Follow-up MRI in two 
infants showed progression to HS. 

Long duration of seizures appears to be a major determi- 
nant of hippocampal damage and development of HS (351). 
Nohria et al. (358) reported a single case, which demonstrates 
that the signal change and atrophy of the hippocampus did not 
precede the episode of status that occurred in their child. Tien 
et al. (129) also report a study of the hippocampus in five chil- 
dren presenting with status epilepticus and no previous history 
of an epilepsy disorder. In two patients with a long follow-up, 
hippocampal atrophy developed in the later imaging. 

Wieshmann (356) reported bilateral increased T2 signal in 
an adult after prolonged generalized seizures. Hippocampal 
atrophy was present bilaterally at 2 months and progressive 
bilateral atrophy subsequently occurred. This is further 
evidence that hippocampal injury secondary to seizures can 
occur in an adult human. Van Paesschen (359) followed 
new-onset epilepsy patients with T2 relaxometry of the hip- 
pocampus over a 1-year period and found that hippocampal 
injury, as measured by T2, progressed in one patient with daily 
seizures. It has also been observed that hippocampal injury can 
occur in patients who have had encephalitis or meningitis and 
is seen as subtle bilateral hippocampal volume loss (360). 

Animal experiments have delivered similar results. 
Hippocampal neuronal loss can be induced in animals by 
seizure activity or subconvulsive electrical stimulation in the 



Temporal Lobe Epilepsy / 149 



amygdala, hippocampus, and other structures (361-363), 
even in the absence of hypoxia (155, 352, 353, 364). This 
suggests that excitotoxicity is an important mechanism of 
the neuronal damage in the hippocampus. 

In stroke, where hypoxia and hypoperfusion are the cause 
of tissue damage, glutamate neurotoxicity as well as the 
ischaemia leads to much of the neuronal damage (365). A 
mechanism like this has also been postulated in epilepsy 
(366). This is the basis for neuroprotective agents being 
trialed early in the course of stroke. Excess glutamate release 
occurs in seizures, and its action on TV-methyl D-aspartate 
(NMDA) receptors leading to calcium influx, and a subse- 
quent cascade of intracellular events leading to cell death, is 
hypothesized to be a cause of neuronal damage in HS (367, 
368). The regions of the hippocampus that are typically 
affected in HS patients (CA1 and CA4) have a high density 
of NMDA receptors. 



The Process of Epileptogenesis After an 
Initial Precipitating Event 

There is usually an interval between the initial precipitating 
event and the onset of habitual seizures (155). This interval 
has been called the silent or latent period. During this inter- 
val, the epileptogenic lesion may develop, suggesting that 
HS is, at least in the beginning, a progressive and dynamic 
disease (48, 124). The age at initial injury has been reported 
to be inversely correlated with the latent interval (155). In 
two independent quantitative MRI studies using a combina- 
tion of hippocampal volumetry and T2 mapping, age at 
onset of the habitual epilepsy correlated inversely with the 
extent of hippocampal damage, i.e. patients with bilateral 
severe HS had the earliest age of onset of TLE and patients 
with normal hippocampi the latest (130, 244). Further, the 
amount of hippocampal damage correlated with the number 
of secondary generalized seizures during the patient's life 
time. This could mean that the extent of hippocampal dam- 
age during the initial precipitating injury determines the 
duration of the latent interval and the severity of the habitual 
epilepsy, i.e. Sloviter's dentate lamellar hypothesis (369). 

There is also indication that the silent interval could be 
influenced by genetic factors (370). In an animal model of 
HS and TLE, however, severity of epilepsy was determined 
only by the shortness of the latent period, regardless of dura- 
tion of status epilepticus and the amount of hippocampal 
damage (371). This could mean that the amount of hip- 
pocampal damage is secondary to the severity of epileptic 



With the Model of 



Unanswered Qi 
Acquired Etiology 



Overall, these reports give compelling evidence for the 
development of HS after an initial precipitating insult, for an 



acquired etiology of HS. This evidence is particularly strong 
for the effects of prolonged febrile convulsions. Nevertheless, 
it is still not clear whether these observed cases represent a 
common pattern or whether they are exceptional cases. There 
are several still unanswered questions: There are still a signifi- 
cant number of patients with chronic epilepsy and HS in 
whom, even after most careful inspection of all childhood 
records, no precipitating events can be detected. HS is typi- 
cally unilateral, whereas the febrile convulsions appear to be 
generalized; it is not clear why one hippocampus should be 
more vulnerable to the damaging effects of the early seizure. 



Evidence that Hippocampal Sclerosis Might be a 
'Developmental' Lesion 

A pre-existing hippocampal abnormality could be a risk 
factor for the development of febrile convulsions and HS. 
Fernandez and colleagues (372) performed MRI studies in 
23 members of two families. Of these, 13 had a history of 
febrile convulsions and two of TLE. The two patients 
with TLE (those with the longest and most numerous febrile 
convulsions) had left HS. Eleven patients with febrile con- 
vulsions and no TLE and six asymptomatic persons had 
small left hippocampal volumes. In one family, mainly the 
hippocampal heads were affected and in the other family the 
hippocampal body. A pre-existing inherited unilateral hip- 
pocampal abnormality, which appears to be causally related 
to the febrile convulsions, could explain why HS is often 
unilateral. 

Genetic predisposition may play a role in the pathogene- 
sis of HS, which traditionally has not been regarded to 
have a major genetic contribution (349). HS in familial TLE 
may be under-reported (373). Corey et al. (374) reported a 
genetic predisposition for status epilepticus. Kanemoto et al. 
(375) reported a strong association of a polymorphism in the 
interleukin-l(3 gene in patients with TLE and HS compared 
with nonepileptic controls and patients with TLE and no HS. 
Interleukin- 1 fi is a proinflammatory cytokine that modulates 
neurotoxic neurotransmission and prolongs kainate-induced 
seizures by enhancing glutamatergic neurotransmission 
(347). This genetic predisposition, therefore, could predis- 
pose to the development of HS after febrile convulsions. 



Evidence that Hippocampal Sclerosis is a Combination 
of Several Factors 

The origins of HS are not simple (44, 349). The MRI data 
provide a greater understanding of what causes HS. It 
becomes increasingly clear that there are a number of factors 
that are important in the pathogenesis of HS. Much is now 
known and consensus occurs on many points. We think that 
a framework is useful in solving the remaining puzzle 
understanding the factors that are important in the develop- 
ment of HS (Fig. 4.56). 
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Clearly HS occurs as a consequence of a cascade of 
events in individuals of differing genetic makeup. The sus- 
ceptibility to an initiating event such as febrile seizures will 
vary in the population. A single seizure in someone who has 
had a prolonged febrile convulsion may have different con- 
sequences from a seizure in an individual who has not had 
this (priming). Increasing evidence suggests that the damage 
threshold for each individual may be different. MR has 
given us the opportunity to understand many of these factors 
in each of our patients. Contributions from genetic assess- 
ment will no doubt add more of the missing pieces (349). 

We think that some factor leads to the first seizure. This 
may be a developmental abnormality, a foreign tissue lesion, 
or subtle dysplasia (even sometimes in the hippocampus). 
For a seizure to be prolonged, it involves a circuit. The hip- 
pocampus is likely to be critically involved in this circuit 
(see Fig. 4.54). In some cases seizures may involve the 
whole brain and both hippocampi, and lead to bilateral 
symmetrical disease (see Fig. 4.55). In cases where one 
hemisphere leads for some reason, such as the presence of 
focal pathology, only one hippocampus may be involved in 
sustaining the seizure (see Fig. 4.54). 

There are clearly factors in the individual that determine 
the degree of damage that occurs as a consequence of such 
sustained seizure activity. It may be the inflammatory 
response, the persistence of activity at the synapse, or the 
release and reuptake of glutamine that is important. Whatever 
factors are important, it is clear that some individuals experi- 
ence more 'damage' from seizures than others who appar- 
ently have the same insult. Understanding the genetics of 
these individuals is likely to give further insights into this 
process. 



Outcome After Temporal Lobe Resection of 
Hippocampal Sclerosis 

Two-thirds of patients with HS are rendered seizure-free 
after anterior temporal lobectomy (19, 112, 350, 376-379) 
and there has been little change in this figure over time or 
across centers (Fig. 4.57). The single most important predic- 
tor of good outcome after anterior temporal lobectomy is the 
presence of unilateral HS on MRI (124, 380). Patients 
with unilateral HS and scalp interictal epileptic discharges 
concordant with location of ictal onset have an excellent 
surgical outcome in 94%. On the other hand, only 60% of 
patients with unilateral HS and bitemporal EEG changes 
have a good surgical outcome (380). 

In the case of HS, there is a continuing incidence of 
seizures that occur even after many years of seizure free- 
dom. The cause of this is not known in all cases. Sometimes 
incomplete resection of the hippocampus might be the 
cause. In some patients we are aware of, another, usually 
developmental, lesion has been found on repeat investiga- 
tion with advanced MR investigations. These are almost 
always ipsilateral to the temporal resection but not always in 



the temporal lobe. If one considers that at least 30% of HS 
cases will have 'macroscopic' dual pathology, one can 
speculate that there might be two epileptogenic lesions in 
these patients - the HS, which is intractable and has been 
treated by the resection, and another less epileptogenic 
lesion that may have had a part in the pathogenesis of the 
epilepsy and can independently cause seizures every few 
years. It is chastening, when we see cases such as this, 
to realize that what appeared to be straightforward TLE 
with mesial onset at the time of surgery can be found to 
have another possibly significant lesion that we were unable 
to detect at the time. 



Mesial Temporal Lobe Epilepsy with Hippocampal 
Sclerosis: a Syndrome? 

Mesial TLE with HS as its cause is not recognized in 
the classification of epileptic syndromes (3) (see Chapter 1). 
It is nonetheless an important entity that has a special 
significance because of the potential for surgical cure of a 
psychosocially and medically disabling illness. 

If there is a syndrome deserving special attention, it is the 
following. Patients have an increased familial incidence of 
febrile convulsions in early childhood. Typically, patients 
have a history of complicated febrile seizures during the first 
years of life. After a silent period lasting from 3 to 20 years, 
patients develop complex partial seizures. At first, seizures 
may be controlled on anticonvulsants, but with time, 
intractable seizures become the dominant feature. The clinical 
symptoms include visceral and experiential auras, with other 
auras less commonly seen. The patients often report an aura 
followed by arrest of activity and clouding of consciousness. 
Oroalimentary and manual automatisms followed by con- 
tralateral dystonic posturing of the upper extremity are often 
present. Postictal confusion with dysphasia (dominant hemi- 
sphere) are also prominent. 

Neurologic evaluation usually reveals no focal neurologic 
findings, although studies have reported facial asymmetries 
in patients with mesial temporal sclerosis (381). Material 
specific memory deficits can sometimes be detected using 
sophisticated neuropsychologic testing, particularly when 
the epilepsy arises in the dominant hemisphere. 

Electroencephalographic studies demonstrate interictal 
sharp and slow wave activity from the anterior temporal 
regions. Interictal activity is usually increased during stage 
1 sleep and may become bilateral with slow sleep stages. 
Ictal scalp recordings usually show lateralizing rhythmic 
theta activity, and with intracranial recordings focal dis- 
charges originating in the hippocampus and amygdala are 
commonly seen. 

Imaging features include the classical MRI abnormalities 
described in this chapter and functional studies (PET and 
SPECT) demonstrate metabolic and blood flow pattern 
abnormalities showing lateralized defects involving the 
abnormal temporal lobe (chapter PET and SPECT). 
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Years after temporal lobectomy 

FIG. 4.57. Actuarial analysis of temporal lobectomy outcome by preoperative MRI diagnosis. Mcintosh AM, Kalnins RM, Mitchell LA, Fabinyi 
GCA, Briellmann RS, Berkovic SF. Temporal lobectomy: long term seizure outcome, late recurrence and risks for seizure recurrence. Brain 
2004;127:2018-2030. 



Recognition of this syndrome is of great importance 
since it is clear that surgical treatment is the most appropri- 
ate therapeutic intervention in many of these patients. 

These issues have been discussed recently by the 
ILAE commission, which we recommend as additional 
reading. 



only six patients. Bruton, in his review from the Maudsley 
series, reported alien or foreign tissue lesions in 38 (15%) 
out of 249 cases of temporal lobe resection (127). This 
group included specimens with ganglioglial, neuronoglial, 
glial, vascular, and oligodendroglial lesions. 



FOREIGN TISSUE LESIONS 

Detailed analysis of MRI images has revealed a high per- 
centage of abnormalities that can be detected in the brains of 
patients with intractable partial epilepsy. This is to be 
expected. Partial epilepsy either has a focal area that is the 
origin of the seizures (see Chapter 1) or the seizures them- 
selves may affect areas involved in seizures. MR techniques 
can now detect these. 

Apart from mesial temporal sclerosis, other epileptogenic 
lesions commonly seen in the temporal lobes of patients 
with epilepsy include tumors, vascular malformations, 
developmental lesions, etc. In this group we have classified 
different tumors and vascular lesions. In general, these 
lesions constitute approximately 10-15% of the abnormali- 
ties found at pathology in surgical series (12, 90, 91, 95, 
127, 162, 188, 382-386). Mathieson (95) reported the 
pathologic findings in 503 patients operated at the MNI 
between 1961 and 1970. Of the 503, 301 (60%) had tempo- 
ral lobe resections. Gliomas were present in 13% of speci- 
mens whereas vascular malformations were observed in 



Neoplasms 
Astrocytic Tumors 

Bruton reported that astrocytic tumors constituted 3.6% 
of the total sample of patients and 18% of those with alien 
lesions. These lesions may present as discrete masses or as 
more extensive lesions. Interestingly, Bruton reported that 
most cases were pathologically localized and involved the 
parahippocampal gyrus and the amygdala. The histologic 
type consisted of predominantly fibrillary astrocytomas but 
protoplasmic type astrocytic tumors were also observed. It is 
difficult to compare the present and long-term behavior of 
these lesions with the data reported by Mathieson and 
Bruton. In their series, patients were often diagnosed at 
surgery whereas at present any patient who has this type of 
lesion will be operated without delay (387-391). 

Magnetic resonance imaging is able to detect these lesions 
in almost all cases if the appropriate imaging sequences are 
carried out. Although the sensitivity of MRI is almost 100%, 
its specificity has not paralleled its sensitivity. However, the 
information provided by MRI regarding intrinsic tissue 
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characteristics in neoplasms, and in particular among 
gliomas, is important and should be exploited fully. A variety 
of nondifferentiating features are present, the most 
consistent being the presence of a mass lesion with signal 
mhomogeneity (392, 393). Variable MRI presentations will 
include high signal on Tl- and T2- weighted images or 
isosignal on Tl images but high signal on T2 images. Solid 
as well as cystic components may be present with variable 
signal from the cystic components (Fig. 4.58). In most 
cases, the signal arising from the cystic formation may be 
isointense with CSF on all sequences; short T R /T E , long 
r R /short T E , and long T R /long T E (394). However, not 
uncommonly neoplastic cysts may have higher signal than 
CSF on long r R /short T E images because of the presence of 
high protein content on the cavity (Table 4.5). 

The most frequent type of astrocytoma is the fibrillary 
type (390, 395). This tumor comprises about 75% of hemi- 
spheric astrocytomas of adults. In children, they are usually 
localized to the brain stem. Histologically, these tumors 
manifest diffuse cellular heterogeneity and are consistent in 
nature. Pleomorphic xanthoastrocytomas can also occur in 
these patients (Fig. 4.59) MRI usually demonstrates homog- 
enous masses but cystic lesions may also be seen (Figs 4.58, 
4.60). Calcifications are present in 20% of cases. The loca- 
tion is variable with cortical lesions reported in a number of 
patients but extension into the white matter is common. 



Conversely, small lesions involving the mesial structures can 
be detected (Fig. 4.61). 

Although highly anaplastic tumors or glioblastomas are 
the most frequent in this group, for obvious reasons they do 
not constitute a significant number of those patients referred 
with intractable epilepsy (390). In some occasions, we have 
seen patients with small lesions and intractable epilepsy 
who, at pathology, demonstrate lower-grade gliomas but sub- 
sequently evolved into more aggressive tumors (Fig. 4.62). 

Pilocystic astrocytomas are more frequent in children. 
Most commonly these tumors are located in the diencephalon 
but occasionally may be present in the cerebral hemispheres 
(395, 396). These lesions on MRI differ from the fibrillary 
tumors in being sharply demarcated. They also are often lob- 
ular in nature. The lesions tend to be hypointense on Tl 
images whereas they are highly hyperintense on long T2 
sequence (Fig. 4.63). In contrast to fibrillary astrocytomas, 
contrast enhancement is present and may be marked and is 
due to the prominent vascularity of these lesions. Edema is 
rare and calcifications are not seen (Fig. 4.64) (393, 396). 

Xanthoastrocytomas usually occur in the first decade of 
life, with most patients having a favorable course. Cystic 
components are more common in this tumor. Histologically, 
moderate cellular pleomorphism is present and mononuclear 
infiltrates are common. This tumor is usually located in the 
temporal or parietal regions. 




FIG. 4.58. Fibrillary astrocytoma in a patient with intractable seizures. A. Axial T1 (600/20) MR image shows small hypointense lesion in 
right posterior temporal region without mass effect. B. T2 (2500/80) image shows increased signal from the lesion. 
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Table 4.5. MRI Characteristics of Astrocytic Neoplasms 



Pilocystic 



Anaplastic 



Gliomatosis 



Common sites 



Cerebral hemisphere 

(adult) 
Homogeneous intensity 



Cerebral hemisphere 

(adult) 
Cystic Demarcated 
Common dense 



Cerebral hemisphere 

(adult) 
Heterogeneous 
Common irregular 



Cerebral hemispher 

(adult) 
III defined 
Uncommon 



Oligodendrogliomas 

Oligodendrogliomas are histologically characterized by 
the presence of compact groups of large, rounded cells with 
empty cytoplasm (Fig. 4.65). In almost half the cases, the 
tumors are mixed with glial components. Calcifications are 
frequent, with calcium deposits in the intrinsic blood vessels 
(393, 397-399). These tumors are less frequent than astro- 
cytomas and also infrequent in our experience in patients 
referred for intractable epilepsy. In Bruton's series, oligo- 
dendroglioma only represented 2.4% of the total population. 
Interestingly, these lesions are located in most cases within 
the temporal lobe and tend to involve the amygdala. The 
uncus and parahippocampal gyrus are also frequently 
involved, both on pathology and on MRI, with sparing of the 
middle and inferior temporal convolutions. The underlying 
white matter, however, is often infiltrated by the tumor. 

Magnetic resonance imaging often reveals heterogeneous 
masses located superficially in the frontal lobes but also 
more mesially in the temporal regions. Cystic components 
and hemorrhages may be seen within the masses. 
Calcifications are more frequent than in astrocytomas and 
can be difficult to detect with conventional spin-echo tech- 
niques. Gradient-echo sequences are more sensitive for the 
detection of calcifications. Mild to moderate enhancement 
has been reported in half the patients but edema is rarely 




FIG. 4.59. Pleomorphic xanthoastrocytoma. Long-standing intra- 
ctable temporal lobe seizures. Palisading pattern with astrocytic 
proliferation (hematoxylin and eosin, x200). 



observed (Fig. 4.66). The most typical features differentiat- 
ing oligodendromas from fibrillary astrocytomas are the het- 
erogeneity, the presence of calcifications, and the superficial 
location (393, 400). 



Mixed Glial Lesions 

Mixed glial lesions were reported by Bruton in 5.2% of 
patients and were the most frequent type of alien tissue 
lesion (Fig. 4.67). Calcifications are often present. The age 
of seizure onset appeared to differ from the other lesions, 
with seizures beginning at an early age in most patients. 
These tumors are predominantly seen in young patients 
(under age 14) (176, 385, 401). Tampieri et al. (402) 
reported that 17 of 19 of their patients presented with 
seizures before the age of 16. According to Bruton, ganglio- 
gliomas and ganglioglial lesions are common in the temporal 
lobe, representing approximately 10% of lesions in this group. 
In fact, compared with other neoplasms, gangliogliomas are 
usually found in the temporal lobes. 

There are controversial issues regarding the proper classifi- 
cation of these lesions. The histologic features resemble a 
mixed glial abnormality with giant nerve cells, resembling 
ganglion cells, but in some cases a mixed astrocytic compo- 
nent can be seen (Fig. 4.68). In some lesions, there is a paucity 
of glial cells with a predominance of ganglion cells. These 
lesions are sometimes classified as gangliocytomas (403). 
Calcification is also common. Similarly to other possible 
developmental lesions, gangliogliomas tend to spare the lateral 
temporal neocortex, with primary involvement of the mesial 
structures. 

Magnetic resonance imaging often demonstrates a solid 
mass lesion in the temporal lobe. At times a partially cystic 
component may be present (Fig. 4.68). The cystic component 
has been observed in 25-30% of patients. Inhomogeneous 
signals on Tl and high signal on T2 images or high signal in 
both Tl and T2 sequences can be seen. Isointense signal on 
Tl and inversion recovery sequences can be observed in 
some patients. Calcifications may be present and may be 
detected using gradient-echo images. Pathology may show 
binucleated cytoplasmic changes (Fig. 4.69). 

Dysembryoplastic Neuroepithelial Tumors 

Dysembryoplastic neuroepithelial tumors (DNET) (404, 
405) have become an important cause of intractable partial 
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FIG. 4.60. Astrocytoma, cystic type, in patient with a 10-year history of partial seizures. A. Axial T2 MR image showing a high signal intensity 
with minimal mass effect but no edema. B. Sagittal T1 image showing a cystic cavity with a signal slightly less hypointense than CSF. 
C. Gadolinium shows partial enhancement of the wall. 




FIG. 4.61. Astrocytoma in a patient with long-standing complex 
partial seizures. Axial (550/15) gadolinium study shows a small 
hypointense lesion in the right posterior hippocampus. Minimal 
enhancement is noticed (arrow). 



seizures. These tumors are commonly seen in young patients 
who present with intractable seizures. They constitute 
approximately 10% of all tumors removed in patients with 
intractable epilepsy. In fact, Daumas-Duport and colleagues 
reported that, among their 265 patients operated for 
intractable seizures between 1964 and 1983, 20 had DNET 
tumors. 

The tumors are usually located in the temporal region. 
Daumas-Duport and colleagues (404, 405) reported that, in 
their series, 62% of tumors were in the temporal region, 
whereas the frontal lobe was involved in 30% of patients 
and very few individuals had parietal occipital tumors. 
Microscopically, these tumors are obvious at the cortical 
surface. Cystic formation is uncommon. The tumors usually 
involve both gray and white matter. Microscopically, they 
are characterized by a high degree of cellular pleomorphism 
with multiple cell types, including astrocytes, oligodendro- 
cytes, and neurons. Prior to the relatively recent recognition 
of this as a distinct pathologic entity, many of these lesions 
were labeled as oligoastrocytomas. In many of these lesions, 
regions of glial neuronal elements are primarily based in the 
center of the lesions with areas of nodular foci and areas 
of cortical dysplasia in the margins of the glial neuronal 
elements. 

Daumas-Duport considered these lesions to be benign 
because of their excessive proliferation of cells, long- 
standing chronic symptomatology, and lack of evidence of 
tumor recurrence after resection. In addition, the possible 
embryologic origin of these lesions is based on the presence 
of mixed population of cells and their location (temporal 
and frontal). 
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FIG. 4.62. Evolution of a tumor in a young patient with intractable partial seizures of 2 years' duration. The CT findings were negative. A. First 
MR image: axial (2000/30) study shows a heterogeneous lesion on the left mesial temporal region. Calcifications were present. Pathologic exam- 
ination demonstrated oligodendroglioma. B. Follow-up MR image (675/10) 1 year after surgery. The patient was seizure-free and not receiving 
medication. C. Follow-up MR image 2 years after initial surgery. Headaches had developed. An abnormal signal was detected with a lesion in 
the posterior temporal lobe. Biopsy revealed an anaplastic astrocytoma. 




FIG. 4.63. Pilocystic astrocytoma. A. Axial MRI (600/15) with contrast shows hypointense lesion involving the posterior temporal lobe with a 
mass effect on the brain stem. No enhancement is noted. B. T2 axial MRI (3,600/90) demonstrates a high signal similar to cerebrospinal fluid. 
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FIG. 4.64. The histologic type is pilocystic astrocytoma. Mildly pleo- 
morphic astrocytic nuclei with hair-like processes in a multicystic 
background (hematoxylin and eosin, x200). 




FIG. 4.65. The histologic type is oligodendroglioma. A. A typical p; 
tern was found of a highly cellular and compact collection of regular 
spherical nuclei and clear cytoplasm without neurologic fibers 
(x200). B. Nuclear palisading pattern can be seen in some cases 
(hematoxylin and eosin, xlOO). 




FIG. 4.66. Oligodendroglioma in a patient with partial seizures. 
A. Axial MR (3000/30) study shows a high signal abnormality over 
the right temporal lobe with prominent involvement of the white 
matter. B. Coronal MRI (2500/90) demonstrates white/gray matter 
involvement. 




1_ 
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FIG. 4.67. Oligoastrocytoma in a patient with intractable partial 
complex seizures since age 4. Sagittal view demonstrates the cystic 
lesion. The CT findings were normal. 

The clinical characteristics include seizures in 85% of 
patients before the age of 15 years. The seizures are disabling 
and drug-resistant in the majority of patients. 

Imaging findings in patients with DNET tumors are quite 
characteristic. Koeller and Dillon (386) reported six cases of 



FIG. 4.69. Histologic type ganglioglioma. Magnification demon- 
strates binucleated cytoplasm changes typical of this tumor (hema- 
toxylin and eosin, x250). 



DNET tumors. Five of the six were located in the temporal 
lobe, while one patient had an occipital lobe lesion. On CT 
scan, the lesions are hypodense and do not enhance with 
contrast. CT scans have been reported to be normal in some 
patients with abnormal MRIs. The lesions on MRI usually 
are well localized and hypointense on Tl images (Fig. 4.70). 
The lesions are usually hyperintense to gray matter on 
T2-weighted images. Enhancement is very uncommon, but 
has been reported. Although these lesions do not have edema 
and may resemble a benign cyst, increased signal intensity 
on proton density images should suggest the presence of a 




FIG. 4.68. Ganglioglioma. intractable seizures in a young patient. 
Coronal IR study shows left cystic cavity with signal isointense to 
cerebrospinal fluid. Note tumor location and primary white matter 
involvement. 



FIG. 4.70. Dysembryoplastic neuroepithelial tumor. Axial and coronal 
MRI (630/15) studies showing hypointense lesion in the left temporal 
lobe. On the axial image, the lesion appears to be slightly irregular in 
the center. 
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more complex lesion. Calcifications are less common when 
compared to calcifications in gangliogliomas. In most cases 
involving the temporal lobes, mesial and mesial plus temporal 
neocortical involvement is observed. The MR characteristics, 
although not pathognomonic of this condition, should 
strongly suggest the underlying abnormality (406-411). 



Metastatic Disease 

Metastatic spread of tumor to the brain is relatively com- 
mon (412). Cerebral metastases comprise approximately 
20% of brain neoplasms. A variety of neurologic symptoms 
are present in these patients. Seizures are the presenting 
symptom in approximately 30% of patients with cerebral 
metastasis. Metastasis have fairly stereotyped localization 
(gray-white matter junction) and often have peripheral 
edema. These lesions are easy to identify using enhanced 
and non-enhanced MRI. We will not discuss these lesions 
further since they are not associated with chronic intractable 
epilepsy in isolation. 



Vascular Malformations 

Although seizures and epilepsy are frequent presenta- 
tions of vascular malformations of the brain, these lesions 
are less common (1-2%) among the alien lesions in patients 
with intractable epilepsy referred to epilepsy surgery. These 
abnormalities are less frequent in the temporal lobes com- 
pared to other regions. 

Vascular malformations are a heterogenous group of 
lesions not only from the pathologic viewpoint but also 
as concerns the mechanisms associated with epilepsy 
(413-418). These malformations can be divided into arterio- 
venous malformations, cavernous angiomas, capillary 
telangiectasia, and venous angiomas (414, 419, 420). 
Capillary telangiectasias and venous angiomas are rarely 
associated with chronic seizures disorders and will not be 
discussed in detail. 



Arteriovenous Malformations 

Arteriovenous malformations (AVM) are the most common 
of the vascular malformations. Supratentorial involvement is 
seen in almost 80% of patients and usually the location fol- 
lows the territory of the middle cerebral artery. In adults, the 
most common initial symptom is intracranial hemorrhage or 
seizures. Larger AVMs appear to present more commonly 
with seizures rather than hemorrhage. It is difficult to esti- 
mate the actual incidence of AVMs in the temporal lobes of 
patients with intractable epilepsy. Mathieson reported six 
such cases in the MNI series, being most frequent in the tem- 
poral lobes (95, 415, 416, 419). However, this may be related 
to patient selection and the type of referral for surgery. 



Pathologically, AVMs are formed by a cluster of vessels 
with intermixed hemoglobin derivatives and adjacent gliosis. 
Brain tissue is usually not present between the vessels and 
mass effect is uncommon unless there has been previous 
bleeding. Angiography demonstrates arteriovenous shunting 
with tortuous feeding arteries and draining veins, although 
rarely an AVM may be thrombosed and angiographically 
occult. 

On MRI, AVMs have typical features consistent with the 
underlying pathology. Dilated vascular structures with void 
signal are usually observed on spin-echo sequences arising 
from the abnormally dilated vessels. High signal may appear 
with gradient-echo techniques and it is related to the pres- 
ence of slow flow in the venous phase. Adjacent gliosis or 
previous hemorrhage can be detected without difficulty 
and may be important in the generation of the epilepsy 
(Fig. 4.71). 

The pathophysiology underlying chronic seizures in 
patients with AVMs is complex and is discussed below. 
Treatment decisions are made on the basis of potential 
bleeding from the lesion. Although no studies have been 
reported, differences between surgery, embolization, or 
radiation do not appear to influence seizure control except 
for complete lesion excision (421). Resection of the AVM 
and surrounding gliotic tissue may be needed in some cases, 
but no controlled studies are available. 




FIG. 4.71. An arteriovenous malformation. Axial (3000/78) image 
shows typical imaging features of arteriovenous malformation with 
feeding vasculature. The patient presented with frequent partial 
complex seizures. 
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FIG. 4.72. Cavernous angioma in a patient with complex partial seizures. A. Sagittal (500/15) magnetic resonance image shows increased 
signal abnormality from the left mid-temporal region. B. Axial (3600/90) image demonstrates reticulated pattern typical of cavernous angioma 
with hypointense signal surrounding it. C. Coronal (500/15) image with gadolinium shows no enhancement. 



Cavernous Angiomas 



Cavernous angiomas constitute a distinct vascular malfor- 
mation. In the majority of patients with intractable seizures, 
cavernous angiomas constitute the most common vascular 
abnormality (414, 420, 422^-25). Autosomal dominant 
transmission has been reported in some families (426). 
These lesions are often microscopically typical, showing a 
honeycomb of vascular spaces with blood. No arteries or veins 
are seen in these lesions. Hemorrhages and calcification are 
common and, in 25-40% of individuals, the lesions may be 
multiple. The surrounding tissue is gliotic and contains 
haemosiderin-laden macrophages, suggesting previous hem- 
orrhage. This is extremely important in view of experimental 
data indicating a close association between epileptogenicity 
and Fe 2+ -induced injury. 

The MRI features of cavernous angiomas are fairly stereo- 
typical (Fig. 4.72). The lesions have a reticulated central core 
with mixed signals indicating blood byproducts of different 
stages. Within the core, methemoglobin appears as high sig- 
nals, often intermixed with lower signals. Typically, a com- 
plete rim of hypointensity surrounds the central core. This rim 
is usually hypointense on both long and short echoes, with 
marked hypointensity in the longer echo. These lesions are 
void of mass effect or surrounding edema. These features are 
typical and should allow the diagnosis without difficulties. 

Cavernous angiomas often demonstrate chronic hemor- 
rhage with reactive angiogenesis. These lesions tend to bleed 
more frequently in females during the middle decade of life. 
Excision in cases with intractable epilepsy is necessary but 
may be complicated by the presence of multiple lesions in 
some patients (Fig. 4.73). 

Venous angiomas are probably the most common vascu- 
lar malformation but rarely associated to chronic epilepsy. 




FIG. 4.73. Multiple cavernous angiomas. T2 axial image shows 
well-defined lesion in the right mesial temporal region. Presurgical 
investigations revealed that the lesion was responsible for the 
seizures. Excision resulted in seizure-free outcome (Courtesy of 
Dr B. Abou-Khalil, Vanderbilt University, Nashville, TN). 
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These lesions are characterized by parenchymal abnormal 
venous formation with absence of normal cortical venous 
drainage (422). Capillary telangiectasias are characterized 
by abnormal proliferation of capillaries with normal 
parenchyma. These lesions are coincidental but may be 
associated to other epileptogenic vascular malformations. 

The pathogenic mechanisms of epilepsy in patients with 
vascular malformations are complex and probably multifac- 
torial. Cortical EEG recordings during surgery have demon- 
strated epileptiform activity in cortex adjacent to AVMs. 
Intracellular recordings have shown abnormal spontaneous 
bursting indicating hyperexcitability with normal inhibition 
(144). The possibility of epileptogenic activation or kindling 
at a distance also needs to be considered (427). Several 
reports have documented mesial temporal pathology in 
some patients with extrahippocampal vascular lesions (424) 
and, therefore, it is likely that independent epileptogenic 
foci may be present in some patients. 

In addition to the above potential mechanisms, another 
important neurochemical mechanism should be mentioned. 
Experimental data strongly supports the epileptogenicity of 
hemosiderin-iron-induced damage (428^30). Application of 
iron solutions in the cerebral cortex is a model for partial 
epilepsy (429). Iron decreases glutamate reuptake and inhibits 
glutamine synthetase, thus creating a propensity for seizures. 
In addition, iron has been implicated in the production of free 
radicals and lipid peroxides that can alter calcium influx, 
intracellular second messengers, and excessive glutamate and 
aspartate release (431, 432). Finally, alterations in blood sup- 
ply and steal phenomenon producing chronic ischemia may 
have a role in some of these patients (417, 433). 



of insult is the one associated with indirect injury to the 
mesial temporal structures caused by acute edema and 
partial uncal herniation. We have studied some patients who 
developed seizures in this situation. Although at surgery 
there was clear damage to the mesial structures with old 
hemorrhagic changes, the only abnormality found on the MRI 
was hippocampal atrophy. 

Magnetic resonance imaging features consist of hemor- 
rhagic foci or gliotic changes involving both the cortical and 
at times the underlying white matter depending on the time 
after injury (442^145). In some cases, frank destruction of the 
parenchyma is observed, with residual gliosis (Fig. 4.76). 
Herniation of the uncus may be seen in some cases of severe 
trauma. 



Other Pathology 

Less frequent pathologic abnormalities have been reported 
in patients with temporal lobe epilepsy. These include hamar- 
tomas, gliotic nodules, fibroglial lesions, meningiomatosis, 
developmental cysts, and other unusual conditions (Figs 
4.79^1.83) (19, 95, 127, 162, 384, 446). 

Abnormalities due to infectious and inflammatory dis- 
orders such as Rasmussen's encephalitis can also occur. This 
can be a surprisingly difficult diagnosis to make. In the early 
course of these patients, one usually is concerned with focal 
cortical dysplasia, and the signal change can be attributed to 
the secondary effects of seizures. Even when focal encephali- 
tis is the cause of the seizures, some of the signal change can 
be due to secondary effects of seizures (Fig. 4.84). 



Post-traumatic Lesions 



SECONDARY DAMAGE FROM SEIZURES 



Cranial injuries are recognized as an important cause of 
epileptic seizures (434-438). Approximately half a million 
head injuries per year occur in the United States alone. 
Although the prevalence of post-traumatic epilepsy is not high, 
the large number of patients affected by brain injuries makes 
this cause very important (434). 

The incidence of post-traumatic epilepsy varies depending 
on the type of injury (penetrating versus nonpenetrating) and 
whether seizures occur early during the first week after injury 
or later (late-onset epilepsy). The incidence of early seizures 
ranges from 2.1% to 15% depending on multiple factors. 

Affecting the temporal lobes, in particular, are cortical con- 
tusions. Cortical contusions affect the superficial gray matter 
and often in the acute phase are associated with hemorrhages. 
Contusions involve the temporal lobes in approximately 45% 
of cases, with frontal lobe involvement reported in 30% of 
individuals (439-441). Lesions above the petrous bone are 
more common. In addition, temporopolar injuries are also 
common and may not be associated with other lesions (Figs 
4.74, 4.75). The prevalence of bilateral temporal lesions is 
common but the exact incidence is unknown. Another type 



Seizures can induce acute, transient changes in brain struc- 
ture. Patients with established epilepsy often have chronic, 
permanent changes in brain structure. A few reports document 
the evolution from an acute seizure-associated change to the 
pattern of abnormalities typically seen in chronic patients, 
such as HS. As HS is intrinsically epileptogenic, these reports 
suggest that, in some circumstances, a prolonged seizure 
initiates events that lead to an epileptogenic lesion. 



Histopathologic Evidence of Seizure-associated Damage 

The presence of seizure-associated damage has been 
documented in the histopathologic literature on animals 
and humans (for review see reference 447). In experimental 
studies, neuronal damage was most extensive in animals 
experiencing generalized convulsive status epilepticus, but 
was also found to a lesser degree after single short seizures. 
Neurons show selective vulnerability to the effects of status 
epilepticus; the hippocampus is particularly vulnerable. 
Several factors have been associated with the cascade of 
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FIG. 4.74. Post-traumatic epilepsy (coronal heavily T1 -weighted IR study). A. Coronal image shows destruction of parenchyma involving the left 
anterior temporal pole. B. Axial image demonstrates the extent of the abnormality in this plane. 




FIG. 4.75. Post-traumatic epilepsy. The patient fell down while inebriated, and intractable partial seizures developed 6 months later. A. MRI 
shows destruction of the right temporal pole. B. Pathologic section demonstrates contusion. Molecular layer spared with underlying rarefaction 
and tissue loss (hematoxylin and eosin, x 100). 
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FIG. 4.76. The results of presumed temporal lobe trauma affecting the lateral left temporal neocortex. There is co-existent left hippocampal scle- 
rosis. A, B. The coronal images show developmental malformation involving the superior temporal gyrus. In B, abnormal left hippocampus and 
temporal neocortex are observed. C, D. The IR sequences demonstrate that the hippocampus has an abnormal signal. 



changes leading to neuronal death, such as the neurotoxic 
effects of excitatory neurotransmitters, particularly glutamate, 
and failure of ion pumps, particularly the Ca 2+ pumps (447). 

Histologic changes in the early stage after a seizure are 
characterized by cytotoxic cell edema, later after a seizure 
appear neuronal loss, reactive gliosis, and aberrant synaptic 
reorganization of surviving cells (448). These changes may 
lead to increased excitability of the affected area and result 
in an epileptogenic lesion. The epileptogenic process is 
complex and may depend on the loss of inhibitory neurons, 
so that the remaining cells are disinhibited and hyperex- 
citable. Aberrant recurrent excitatory connections between 
normally unconnected cells may be initiated (447). In 
humans, widespread neuronal loss and reactive gliosis in the 
hippocampus, amygdala, thalamus, and cerebellum were 
observed in previously healthy patients who died in status 
epilepticus (449). 

Overall, these histopathologic studies document seizure- 
associated damage. However, they can only assess 



post-mortem changes at a single time-point. MRI is non- 
invasive, and serial imaging allows examination of the tem- 
poral evolution of seizure-associated changes. 

Magnetic Resonance Evidence of Seizure-associated 
Injury 

Several MR sequences have been shown to be sensitive to 
acute seizure-induced changes (for review see reference 
197). The initiation of cytotoxic edema restricts the free 
diffusion of water in the reduced volume of the extracellular 
space. This can be detected as an increase in the signal 
intensity of diffusion-weighted images or quantitatively by 
a reduction in the diffusivity (a parameter that reflects 
the freedom of diffusion). The subsequent progression to 
vasogenic edema will result in swelling of the extracellular 
space in the affected area. The volume change can be 
detected and measured on high-resolution anatomical 
sequences. The change in the environment of extracellular 
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FIG. 4.77. Hamartoma. A. Axial (3000/100) MRI shows a high- 
intensity signal from the left anterior mesial region, probably in 
the uncus. B. Coronal (2500/90) image demonstrates the lesion 
in the uncus. C. Coronal (700/29) image with gadolinium show- 
ing minimal enhancement. The patient had a 25-year history 
of simple and complex partial seizures. Surgery effectively ren- 
dered the patient seizure-free. 
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FIG. 4.78. Hamartoma in a patient with intractable epilepsy. After 
resection, this appeared to be a densely gliotic nodule (arrow). This 
patient had previously had an anterior temporal lobectomy without 
knowledge of this lesion. This image is after operation at the back 
edge of the anterior temporal resection. The first operation did not 
influence seizures. The second operation, which removed only this 
lesion, led to seizure freedom. This suggests that it, or the nearby 
tissue, was highly epileptogenic. Coronal IR sequence shows a 
small hamartoma in the left parahippocampal gyrus. The signal 
intensity is significantly lower than that of gray matter, having some 
characteristics of fluid (high T2, low T1 , but isodense PD). Note that 
the hippocampal formations are symmetric bilaterally, which sug- 
gests the absence of dual pathology (hippocampal sclerosis). 



water can be detected as an increase in the T2 relaxation 
time and as a further change in the diffusivity of free water. 
Acute changes in tissue metabolism are accessible by MR 
spectroscopy. 

There are several case reports (356, 358, 450-452) and a 
few studies of small groups of patients (298, 453-456) that 
document the ability of MR to detect acute seizure-associated 
changes. They consist of focal swelling, T2-weighted hyper- 
intensity (453), and focal reduction in diffusivity 
(455, 456). These effects were consistently observed after 
status epilepticus but appear to be less robust after single, 
short seizures (457). These patient data are confirmed by 
numerous animal MR studies of acute seizure-associated 
changes (294). Postictal changes in NA, but also other 
proton metabolites, particularly lactate, have been described 




FIG. 4.79. Temporal lobe fibrodyspiasia in a 12-year-old male with 
intractable partial seizures. A. Axial T1 image shows abnormal right tem- 
poral pattern. Compare with the left temporal lobe. B. Axial image (2200/ 
67) demonstrates a high signal abnormality from the same region. 
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FIG. 4.80. Meningioangiomatosis. Axial T2 image shows a hetero- 
geneous calcified lesion with a surrounding high-intensity signal 
from the capsule. 



in a few other human proton MRS studies (458), whereas 
phosphorus MRS has gained almost no attention for its 
potential in the investigation of postictal changes. We have 
observed dramatic postictal changes in energy-dependent 
metabolites (see Fig. 4.3). Phosphorus MRS certainly has 
the sensitivity to detect such changes, as demonstrated by 
physiologic neuronal activity in humans inducing subtle 
fluctuations in PCr (459). 



SUMMARY 

While often, in the past, no cause could be identified for 
many cases of intractable partial epilepsy, it is now becom- 
ing clear that a large proportion of adults and children with 
partial epilepsy have defined brain abnormalities visualized 
on appropriate optimized imaging. Advances in image 
analysis techniques and in MR technologies continues to 
push to boundaries of sensitivity of the detection of 
epilepsy-related brain abnormalities from gross macroscopic 
structural changes as seen on imaging to functional meta- 
bolic and neurophysiologic abnormalities. New techniques 



and the exciting potential they suggest means that we are 
only at the beginning of uncovering the basis of epilepsy and 
its effects on the brain. These techniques are presented in 
subsequent chapters of this volume. 

The issue is increasingly how to interpret and use these 
findings. Sensitivity is such that we can no longer simply 
assume that a detected abnormality means we have found 
the epiletogenic lesion. The sensitivity of these technologies 
challenges our understanding of the biology of epilepsy and 
its effects on the whole brain of humans. In turn, detection 
of abnormalities have to be interpreted in terms of all of the 
wide range of pathologic processes associated with epilepsy 
as well as the normal processes of brain reorganization and 
compensation for seizures. 

When the first edition of this book was written 9 years 
ago the amazing expansion of MR into all areas of brain 
function was just beginning. Now it is perhaps paradoxical 
that our biologic understanding of all of these new data is 
just commencing. MR findings are changing our view of 
epilepsy. The range of abnormalities seen in patients even 
with simple HS is large, and often not only in the seizure 
focus. The challenge now is to use these tools to understand 
the pathogenesis of HS so that preventative strategies and 
early treatments become effective. 




FIG. 4.81. Developmental mesial temporal cyst in a woman with 
infrequent seizures and depression. Coronal image with gadolinium 
shows no enhancement. 
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FIG. 4.82. Rasmussen's encephalitis with variable appearance 
related to seizure activity. Coronal FLAIR images. A. The initial imag- 
ing with status epilepticus. There is signal change in the left tempo- 
ral lobe including the hippocampus, with an emphasis in the superior 
temporal gyrus. B. Repeat imaging 1 1 months later, showing mild 
increase of signal in the left hippocampus, but the signal change has 
largely returned to normal. C. With recurrent status epilepticus 20 
months after the original presentation, there is again focal increased 
signal in the left superior temporal gyrus. D. Two months later this 
signal change has again resolved. Because of the possibility of a 
focal abnormality in the superior temporal gyrus, this was resected 
and Rasmussen's encephalitis was confirmed on histopathologic 
examination of the resected specimen. Wellard RM, Briellmann RS, 
Wilson JC, Kalnins RM, Federico R Scheffer IE, et al. Longitudinal 
study of MRS metabolites in Rasmussen's encephalitis. Brain 2004; 
127:1302-1312, by permission of Oxford University Press. 
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CHAPTER 5 



Extra-Temporal Lobe Epilepsy 



Ruben I. Kuzniecky and Graeme D. Jackson 



"The clonic movements frequently spread so slowly and re 



; segment so long that it is possible to study them carefully." 

Gordon Holmes, 1927 



INTRODUCTION 

Epilepsies arising from extratemporal lobe structures 
encompass a wide variety of clinico-electrophysiologic enti- 
ties. Some are focal in nature while others are hemispheric or 
more diffuse in nature. We recognize the limitations of group- 
ing these various syndromes and entities under this chapter 
but, from an imaging perspective, they share a number of 
common characteristics. In this chapter, we first discuss the 
MRI findings in patients with localization related epilepsies 
arising from the frontal lobes. In the second section, we dis- 
cuss epilepsies arising from the occipitoparietal region. 



FRONTAL LOBE EPILEPSY 
Clinical Aspects 

In humans, the frontal lobes are the largest of the lobes, 
weighting approximately 510g (50% of the whole brain 
weight). The frontal lobes are anatomically complex, with a 
sizable part of them located in the mesial and inferior sur- 
faces of the brain (Fig. 5.1). In addition to their anatomic 
characteristics, there are many rapidly conduction pathways 
connecting the various parts of the frontal lobe (1,2). 

Frontal lobe epilepsies are less well understood compared 
with temporal lobe seizures and in general they remain a 
major clinical challenge (3-5). It has been estimated that of 
the 1.5-2 million patients with epilepsy in the United States, 



at least 50% have frontal lobe seizures and epilepsies 
and, of those, 250 000 are incapacitated because of medical 
intractability. In contrast to temporal lobe epilepsy, frontal 
lobe seizures are more difficult to define clinically and 
electrographically. This is the result of often unusual clinical 




FIG. 5.1. Surface reconstruction demonstrating the right cerebral 
hemisphere, primarily frontal and temporal lobes. 



178 / Chapter 5 



behaviors associated with frontal lobe seizures and the diffi- 
culties associated with routine investigation methods, includ- 
ing EEG analysis, and the fact that lesions are less commonly 
detected in many patients with frontal lobe epilepsy. 



Frontal Lobe Syndromes 

Multiple investigators have attempted to classify clinical 
syndromes in frontal lobe epilepsy. The work of several 
investigators, in particular Bancaud and Tailarach, is based 
on defining the anatomic-electrographic-clinical state dur- 
ing frontal lobe seizures. Using this approach, Bancaud and 
others (2), as well as Williamson et al. (4, 6), have proposed 
the use of an original anatomic subdivision of the frontal 
lobes to study these epilepsies. This subdivision has identi- 
fied seven anatomic areas in the frontal lobes that are per- 
haps associated with distinctive clinical syndromes. The 
area regions are as follows: 

• Rolandic area 

• Inferior frontal 

• Intermediate medial frontal 

• Intermediate dorsolateral frontal 

• Cingulate gyrus 

• Supplementary motor area 

• Frontopolar 

• Orbitofrontal. 

As reported by Bancaud et al. (2), this approach has the 
advantage of partially responding to the needs of an 
anatomic classification but does not consider the dynamic 
nature of seizures. Furthermore, the rapid spread of seizures 
in frontal lobe patients and the presence of silent areas 
makes this more difficult to justify. Nevertheless, this 
approach is a starting point to understand these complex 
behavioral and electrographic seizure patterns. 



Seizures From the Rolandic Area (Areas 4 and 6) 

Seizures arising from the rolandic region are common 
among patients with frontal lobe epilepsy. Among the 210 
patients reported by Bancaud et al. (2), 53 had seizures arising 
from this region. The semiology of seizures arising from this 
area consists of either focal or brief clonic motor events, 
jacksonian motor seizures (7) and, less commonly, other symp- 
toms. On some occasions, specific epileptic patterns such 
as epilepsia partialis continua, or syndromes such as 
Rasmussen's encephalitis (8), seem to be primarily localized 
to this anatomic region. 

Seizures from the rolandic region can be subclassified 
according to clinical and electrographic data. Chauvel et al. 
have subclassified these seizures into five groups depending 
on the localization of the EEG abnormality (3). Seizures aris- 
ing from the premotor area often consist of tonic posturing, 
usually involving the upper limb, and are usually unilateral, 



although bilateral activity can be observed. Versive movements 
of the eyes occur infrequently and are usually contralateral to 
the electrical discharge. Analyzing this data, however, it 
becomes obvious that very likely, the ictal behavior is related 
to electrical discharges spreading to the supplementary motor 
area. Therefore, it is very likely that seizures arising from the 
premotor area may often manifest themselves as seizures of 
the supplementary motor area (9-1 1). 

The second group consists of motor seizures correspon- 
ding to discharges in the lateral part of the motor and pre- 
motor areas. In this group, the ictal symptomatology again 
is complex and, since the number of patients is very small, 
conclusions regarding the clinical behavior resulting from 
these lesions are difficult to make. In contrast, seizures aris- 
ing from the primary motor area (area 4) are very common. 
Most patients have contralateral hemiparesis or infantile 
hemiplegia (12). Clinical correlations demonstrate clonic 
activity in 85% of the seizures, being purely clonic in almost 
50% of cases. Clonic and tonic activity can also be observed 
in some patients. Analysis of the distribution of clonic 
activity reveals that preferential involvement of the upper 
extremity, and often the fingers, is common. Quick spread 
to involve the whole limb or the same side of the body 
is often observed. Interestingly, Chauvel noted that, in 
some patients, primarily tonic activity followed the clonic 
discharges (3). 

Seizures arising from the mesial part of the motor and pre- 
motor cortex can be seen in approximately 25% of this popu- 
lation. The semiology of the seizures often suggests bilateral 
activation. Complex symmetric posturing of both arms and 
legs is common. Compared with motor seizures arising from 
the lateral primary motor areas, unilateral clonic activity is 
seldom present. It is possible, as described above, that the 
majority of the manifestations in these patients are related to 
discharges involving the supplementary motor area. Finally, 
motor seizures corresponding to widespread discharges to the 
motor and premotor areas manifest, as would be expected, 
with bilateral tonic or clonic activity. 



Inferior Frontal Gyrus Seizures 

Seizures from the posterior portion of the inferior frontal 
gyrus may affect the nondominant or dominant hemisphere. 
Nondominant involvement usually is manifested by speech 
arrest and tonic contractions or isolated clonic activity in 
the contralateral and sometimes in the homolateral muscles 
of the angle of the mouth (2). Swallowing and salivation 
are common, especially, if the discharge propagates to 
the operculum (13-16). Autonomic symptoms such as 
tachycardia or respiratory distress are also observed in some 
patients. Conversely, when the seizure discharge affects the 
dominant hemisphere, aphasia and dysarthria are very 
prominent (17-20). Contralateral facial motor deficits are 
also common. The speech disturbances in the nondominant 
cerebral hemisphere is usually related to motor phonatory 
difficulties. 
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Seizures From the Intermediate Medial Frontal Region 

The semiology of these seizures is difficult to ascertain 
when analyzing different studies. It is unclear whether most 
of the clinical manifestations are the result of propagation of 
ictal discharges to the intermediate frontal regions or 
whether the discharges are originating in that region and 
producing the ictal behavior. In most cases, the manifesta- 
tions of seizures either arising or primarily involving the 
mesial frontal regions excluding the cingulate gyri consist 
of marked motor phenomena with contralateral head and 
eye deviation, tonic elevation of one or both arms, and 
contralateral clonic movements of the arms and face with fre- 
quent secondary generalization (21-24). However, speech and 
movement arrest, and complex and simple automatisms have 
also been reported. In our own experience, patients with 
medial frontal seizures sometimes develop marked tonic motor 
activity as well as autonomic symptoms during their attacks. 

Intermediate Dorsal Lateral Frontal Seizures 

As with other types of frontal lobe seizure, epileptic dis- 
charges emanating from the dorsal lateral intermediate frontal 
region are difficult to characterize because the discharges 
usually spread very rapidly in multidirectional pathways. 
As reported by Bancaud et al. (1, 25), tonic adversive eye and 
head turning is one of the most frequent clinical manifesta- 
tions of seizures arising in this area. Subsequent face and arm 
motor involvement and visual hallucinations and illusions 
have also been reported. Forced thinking and complex postural 
manifestations are also seen in some patients (26). 

An aura is seldom present in patients with dorsal lateral 
frontal lobe seizures. Dizziness and a cephalic aura are 
common. Quesney et al. (27-29) reported auras in 40% of 
these patients. Aphasia and arrest of activity are also com- 
mon with dominant hemisphere involvement (17, 30-32). 
Unconscious, as well as conscious, head turning is also 
common in these patients. 

Cingulate Gyrus Seizures 

Ictal discharges primarily involving the anterior cingulate 
region usually begin with intense fright, screaming, and vig- 
orous and aggressive verbalization. Autonomic symptoms, 
as well as partial awareness, are also present. In our experi- 
ence, vegetative symptoms are frequent with marked respir- 
atory, cardiovascular, and digestive disturbances (13, 33, 34). 
This is probably related to distal spread of the initial discharge. 
Integrated and complicated behavior, sometimes in the form of 
agitation, can be seen. Unilateral tonic or bilateral tonic activ- 
ity can be seen and probably relates to activation of adjacent 
structures such as the supplementary motor areas (35^40). 

Supplementary Motor Seizures 

Typical semiology of this seizure type consists of tonic 
movements of the contralateral limb and at times activation 



of the ipsilateral limb or foot. Dilatation of the eyes and 
tonic posturing are common at the beginning of the event. 
Postural patterns involving the contralateral arm and hand, 
followed by tonic activity and vocalization or speech arrest, 
may be seen. Urinary incontinence with posterior spread 
may occur without loss of consciousness (9-11, 23, 41^-6). 
These seizures are relatively easy to recognize and tend to 
occur in clusters, particularly at night. Most patients retain 
awareness of their surroundings. 



Frontopolar Seizures 

Frontal polar seizures are difficult to investigate because 
the clinical manifestations are very hard to characterize and 
to date no clear syndrome has been identified. In most of the 
reported studies, eye opening and staring with loss of con- 
tact is one of the first clinical manifestations. Total amnesia 
and complex gestural behavior have also been reported. The 
clinical manifestations are probably related to the rapid 
spread of ictal activity to the cerebral hemispheres and sub- 
cortical structures. 



Orbitofrontal Seizures 

Orbital frontal seizures constitute another fascinating 
type of frontal lobe seizure. Bancaud et al. reported olfac- 
tory hallucinations as well as visceral sensory symptoms in 
18 patients with this seizure type (2). Autonomic phenomena, 
including changes in heart rate, apnea, and thermoregulatory 
disorders, have also been reported. It is likely, however, that 
most of the clinical symptomatology observed in seizures 
arising from the orbital frontal cortex is the result of ictal 
propagation. Munari et al. (47), in a detailed analysis of nine 
patients, concluded that in most cases the ictal discharge 
was silent and that the clinical manifestations only occurred 
after involving in general the temporal lobe, the cingulate 
gyrus, or the lateral temporal structures. 



Clinical Summary 

We have attempted to summarize the clinical behavior 
and correlate this with specific anatomic areas. However, 
as previously reported, frontal lobe seizures are often 
less likely to be anatomically linked to a single structure 
within the frontal lobes. Advances in noninvasive neuro- 
imaging techniques, in particular functional MR and ictal 
single-positron-emission computed tomography (SPECT), 
may indeed be extremely helpful in trying to define and cor- 
relate more accurately symptoms and anatomic structures 
within the frontal lobes. The presence of a lesion on MRI 
needs to be carefully analyzed with the clinical behavior, 
electrophysiologic data, and the results of other investiga- 
tions. Table 5.1 summarizes some of the clinical information 
in frontal lobe seizures. 



180 / Chapter 5 



TABLE 5.1 . Topographic Distribution of Frontal Lobe 
Epilepsy (210 Patients) 

Area of seizure onset Patients (n) 

Areas 4 and 6 53 

Inferior frontal 18 

Intermediate medial frontal 39 

Intermediate dorsolateral frontal 25 

Anterior cingulate 16 

Frontopolar 14 

Orbitofrontal 18 

Opercular-insular 27 

Data from Bancaud et al. 2 



Pathology and Magnetic Resonance Imaging of Frontal 
Lobe Epilepsy 

An analysis of frontal lobe epilepsy surgical series is 
most insightful in its relationship to the underlying pathol- 
ogy in patients with this type of seizure. In the most 
comprehensive review, Mathieson (48) reviewed 180 cases of 
nontumoral or vascular specimens from patients undergoing 
frontal lobe resections. 

The histopathologic diagnosis was classified in four 
major groups with meningocerebral cicatrix in the largest 
one, being found in 33.3% of patients. Among these 
patients, post-traumatic pathology was the predominant 
etiology (67.2%). Infections and other causes were less 
frequent. Post-traumatic neuronal loss and gliosis were 
observed in 13.5% of the population. Cortical dysgenesis, 
which grouped both cortical dysplasia and tuberous sclero- 
sis, accounted for 15.5% of cases and contusions related to 
trauma were seen in 1 1% of specimens. In the group of non- 
specific neuronal loss and gliosis, trauma, infections, and 
previous neurosurgical procedures were the most frequent 
etiologic factors found. However, it is important to point out 
that, in a large percentage of patients with neuronal loss and 
gliosis, no clear etiology was found as the cause of seizures. 

Among the patients reported by Mathieson (48) in a general 
epilepsy pathology study, frontal lobe pathology was present 
in 47 of the 503 cases. However, multilobe lesions, as well 
as frontal temporal lesions, were present in another 100 
patients. Among those with histologic lesions related to 
trauma, seven had frontal lobe pathology, whereas nine had 
post-frontal and temporal lobe pathology. A review of the 
Montreal series reveals that the majority of patients had 
tumors whereas post-traumatic lesions and cortical develop- 
mental malformations followed in incidence. Among those 
with frontotemporal lobe pathology, cortical neuronal loss 
and post-traumatic lesions were the most prevalent. 
Interestingly, patients with central lobe lesions predominantly 
had gliomas on pathology, whereas vascular malformations 
and other type of minor lesion were encountered in a few 
patients. One should keep in mind, however, that this series 
is based on pathologic material from selected patients and 



therefore may not be representative of the actual incidence 
of these different lesions in patients with frontal lobe epilepsy. 
We believe that MRI has the ability to provide this informa- 
tion noninvasively these days, but prospective studies and 
large populations are needed. 



Post-Traumatic Pathology 

As stated above, cranial injuries are an important cause of 
chronic epilepsy, in particular among patients with frontal 
lobe epilepsy (49-57). In most studies, head traumas have 
been divided into missile versus nonmissile injuries. Missile 
injuries result in penetrating cranial cerebral trauma with 
focal brain damage and hemorrhages. In contrast, nonmis- 
sile injuries usually are more likely to produce widespread 
brain injury. Further subclassifications, including the pres- 
ence of intracranial hemorrhage or penetrating lesions 
through the dura, have been used (52, 58). 

The exact frequency of these lesions is rather homogeneous 
when one analyzes the incidence of post-traumatic lesions in 
epilepsy surgical series. However, there is an obvious bias 
towards those patients who ultimately have resections. In addi- 
tion, one of the problems regarding frequency, is whether early 
epileptic attacks are considered in the overall picture. 

It is important to comment on some of the factors 
that may influence seizures. According to Jennett and 
others (53, 54, 59), the incidence of post-traumatic seizures 
appears to be greater in children younger than 5 years than 
in older patients. Jennett (53, 54, 59) found an incidence of 
9.4% in the younger group compared to 3.3% in children 
age 6-15. The incidence in those aged 46 and above was in 
the range of 1.5%. As with early studies, the incidence of 
epilepsy appears to increase significantly when post-traumatic 
amnesia lasts longer than 24 hours. Obviously, the presence 
of severe head injuries will correlate with an increased inci- 
dence of epilepsy. Another associated factor is the presence 
of skull fractures and their location. In the frontoparietal 
region the incidence is of 8.3% compared to occipital frac- 
tures, where the incidence was 2.3%. 

One of the most significant correlations is the presence of 
intracranial hematomas and seizures. There appeared to be no 
major differences between the presence of subdural and intra- 
cerebral hematomas with respect to seizures. Interestingly, 
most patients with intracranial hematomas developed seizures 
well beyond the first 24 hours and not before. Another factor 
influencing late onset of epilepsy is the severity of injury. 
According to Caveness (60, 61), 34% of patients with missile 
injuries developed epilepsy compared with only 7.5% of 
those with nonmissile injuries. In addition, the site of injury 
for both types of injury appears to increase the rate of 
epilepsy. Injuries involving the parietal region and the central 
motor cortex are highly associated with seizures, with up to 
50% of patients developing seizures from injuries in those 
areas. In patients with residual aphasia, seizures occurred in 
86% of patients (60, 61). 
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Other interesting data includes the results from the pene- 
trating head injury studies. Among the 525 patients studied 
in the Vietnam veterans study, 241 had frontal lobe injuries. 
It is noteworthy that the percentage of patients with frontal 
lobe lesions who had seizures was 41% and of those who 
had nonfrontal lobe lesions 51%. The investigators also 
found that patients with frontal lobe lesions who had 
seizures were more likely to have generalized convulsions 
than those with nonfrontal lesions. Clinically, no correlation 
was found between the frontal and nonfrontal groups, except 
that those who had retrograde amnesia immediately follow- 
ing head injury were more likely to have frontal lobe 
seizures. 

The reviewers also correlated specific areas of the frontal 
lobe and their association with the incidence of epilepsy. 
They found that orbitofrontal lesions were associated with 
epilepsy in 44% of cases. Other frontal lobe lesions were 
associated with an incidence of approximately 21%. 
According to Jennett, frontal lobe fractures appeared to be 
more likely to lead to epilepsy. In his large series, 34.4% of 
patients with frontal fractures developed epilepsy as 
opposed to 24% with temporal parietal injuries. 

The pathologic findings in post-traumatic epilepsy may 
vary and will depend on the type of trauma sustained 
(56, 62-65). Penetrating injuries produce fibroangiomatous 
meningeal cortical scarring at different depths in the brain 
parenchyma. These cortical lesions consist of gliosis and 
neuronal damage, as well as small hematomas (Fig. 5.2). 
Closed head injuries may produce leptomeningeal fibrosis. 

Having summarized the type of lesions and the patho- 
genic mechanisms underlying brain injury, we should 
address some of the clinical correlates of these lesions. The 
clinical manifestations of the epileptic attacks in patients 
with post-traumatic epilepsy depend on the location and extent 
of spread of the ictal activity (59). Focal sensory seizures are 
extremely common in patients with parietal lesions and, as 
stated above, these type of seizures are common in patients 
with post-traumatic epilepsy. Involvement of the precentral 
motor strip results in focal motor seizures and, as reported 



by previous investigators, this is an area that frequently 
gives rise to epileptic attacks (59). In most patients, partial 
seizures with or without secondary generalization will occur. 
The frequency of seizures, however, varies considerably 
between patients. When one analyzes the focality of these 
lesions, it is often difficult to exactly localize the presence of 
the epileptogenic area. This is often related to the fact that 
these patients may have bilateral lesions or multifocal 
lesions while seizures appear to be originating from one 
location. 

Imaging and MRI findings in patients with post-traumatic 
epilepsy are variable (57, 66-69). The changes are dependent 
on the type and location of the lesion. Parenchymal lesions in 
the form of contusions are quite characteristic and have been 
described in Chapter 4. These contusions are often in the 
superficial gray matter, and in the acute stage they may be 
associated with hemorrhages (65). Severe trauma can lead to 
underlying tissue cavitation and encephalomalacia with, 
commonly, bilateral asymmetric lesions involving the frontal 
lobes. Bilateral frontal lesions may be seen in patients with 
severe injuries. The frontopolar regions, as well as the 
orbitofrontal regions, are often affected (Fig. 5.3). Frontal 
lobe lesions, which tend to lie just above the cribriform plate 
and the planum sphenoidale, are common.. 

Tl -weighted images are useful for diagnosis but fluid- 
attenuated inversion recovery (FLAIR) sequences are more 
sensitive in detecting bilateral pathology, in particular 
lesions in proximity to the ventricles (Fig. 5.4). As hemo- 
siderosis and blood byproducts are common, one should 
carefully seek these changes. A number of MR sequences 
may be more appropriate at certain times depending on the 
maturation of these lesions. In chronic conditions, Tl- 
weighted images often reveal most of the pathology but 
FLAIR images are very sensitive to gliosis and white matter 
changes, making them extremely useful in the detection of 
subtle abnormalities (Fig. 5.5). 

Mass-related lesions such as subdural and epidural 
hematomas and intraventricular hemorrhages may be seen 
in some patients. Intracerebral hematomas are usually seen 
in the acute phase and are located in the frontotemporal 
regions (70). They usually involve the white matter and 
basal ganglia and may be associated with skull fractures. 
Other pathology, including subarachnoid hemorrhages, vas- 
cular dissections, and lacerations, may occur but has little 
impact on the management of patients with chronic epilepsy. 



i 



FIG. 5.2. Pathologic specimen demonstrating fibromeningeal 
cortical scarring with destruction of underlying cortex (hematoxylin 
and eosin, x100). 



Neoplasms 

As stated in Chapter 4, frontal lobe neoplastic lesions are 
present in patients who are referred to surgery for intractable 
epilepsy (71-73). However, fewer patients with long-standing 
neoplasms are seen because of the high sensitivity of MRI in 
diagnosing these lesions early in the disease process. 

Among the 503 patients reported by Mathieson, fewer than 
10% (48) had frontal lobe neoplasms. Gliomas were present 
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FIG. 5.3. Posttraumatic epilepsy. The patient was a 28-year-old man who sustained severe head injury in a motor vehicle accident. Primarily left 
frontal lobe seizures recorded on surface electroencephalogram. A-D. Axial T1 -weighted images (30/6) showing bilateral encephaloclastic 
lesions involving frontal lobes with destruction of white matter. Mild ventriculomegaly is noted. 



in 12 (15%) of patients in this series and, although Mathieson 
did not describe the exact subtype of glioma, most of them 
were probably low-grade astrocytomas. In contrast, Leblanc 
et al. from the same center reported an incidence of 35%, 
albeit some patients did not have chronic epilepsy (74). In spite 
of advances in imaging, in particular MRI, the incidence 
of the lesions in frontal lobe epilepsy patients appears to 



be stable. This is partially related to the fact that, with 
new onset of seizures and the presence of such a lesion, 
the patients are now referred for surgical intervention before 
the development of chronic seizures. Therefore, it is difficult 
to estimate what is the true incidence of these lesions 
in patients with frontal lobe epilepsy. It is clear, however, 
that focal neoplastic lesions have been ruled out with MRI 
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FIG. 5.4 A. Coronal reverse T2-weighted image showing a large 
area of encephalomalacia involving the right frontal lobe with 
destruction of underlying white matter. The left frontal lesion is much 
smaller and inferior. B. Coronal FLAIR image posterior to main 
frontal lobe lesion showing extensive signal abnormalities involving 
frontal regions bilaterally. 

in the majority of patients referred to tertiary epilepsy 
centers. 

The histologic characteristics of neoplastic processes 
involving the frontal lobes are similar to those described in 
Chapter 4 for temporal lobe epilepsy. Glial tumors appear to 



FIG. 5.5 Posttraumatic epilepsy. The patient was a 32-year-old 
with intractable epilepsy and cognitive dysfunction. A, B. 
Coronal T1 -weighted images through frontal lobes showing a large 
area of encephalomalacia of the left frontal lobe. Contralateral 
changes are more subtle. Note ipsilateral left hemisphere atrophy. 



be more frequent in this location. In contrast, oligoden- 
drogliomas, dysembryoplastic neuroepithelial tumors, and 
gangliogliomas appear to be more frequent in the temporal 
lobes in the context of patients with intractable epilepsy (75). 
As noted, the most common neoplasm is low-grade 
astrocytoma (76-80). The location of these tumors is vari- 
able within the frontal regions. Although not aggressive 
tumors, they can be infiltrative and may involve gray and 
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white matter. Histologically, they have hypercellularity and 
minimal pleomorphism. Necrosis and vascular proliferation 
are usually not present. 

Magnetic resonance imaging features of neoplasms in 
the frontal lobe follow the characteristics described in other 
chapters (76-80). MRI is more sensitive than computed tomo- 
graphy (CT) in the detection of these lesions, with CT being 
positive in only 45-55% of cases. Astrocytomas usually 
present with abnormal mass lesions. On T2-weighted 
images, high intensity signal is observed (see Fig. 5.6). On 
Tl images, the signal may be isointense or hypointense with 
respect to the gray matter. Contrast enhancement is usually 
seen with more aggressive tumors. 

Oligodendrogliomas may have very similar MR features 
with little mass effect unless anaplastic changes are present 
(81-84). Calcifications may be present but are more frequent 
in older patients. These tumors are usually well defined and 
edema is extremely rare (Fig. 5.7). Enhancement is seen in 
less than 25% of cases (Fig. 5.7B). Other tumoral lesions, 
such as gangliogliomas and dysembryoplastic tumors, may 
occur in the frontal regions but are less frequent compared 
to temporal lobe tumors. Refer to Chapter 4 for a review of 
these neoplasms. 



Vascular Lesions 

Vascular lesions, including typical arteriovenous malfor- 
mations and cavernous angiomas, follow the same character- 
istics as described in other chapters. Frontally located 
arteriovenous malformations are of variable size and distribu- 
tion. In most cases, when the lesions are large, patients are 
most likely to be referred for treatment of the vascular mal- 
formation as opposed to epilepsy (85-87). When the lesions 
are small, and in many cases have been there for several years, 
patients may have a history of intractable epilepsy. MR is the 
imaging technique of choice in the investigation of patients 
with vascular lesions, since CT may only reveal calcifications 
with or without other abnormalities (Fig. 5.8). Signal void 
changes secondary to hemosiderin are observed from around 
the lesions and the presence of previous hemorrhage can be 
detected (Fig. 5.9). 

Magnetic resonance angiography is also useful since it 
can provide information regarding the vascular supply and 
venous drainage of arteriovenous malformations, but in gen- 
eral angiography is done in most patients prior to treatment. 

In contrast to arteriovenous malformations, cavernous 
angiomas are a common cause of intractable seizures and 
are frequent in the frontal lobes (85-87). We have studied 
several patients who had the diagnosis of calcified lesions 
by CT scan in which MRI clearly demonstrated the typical 
features of a cavernous angioma characterized by the pres- 
ence of a T2-weighted reticulated core of mixed intensity 
surrounded by a rim of decreased signal intensity. These 
lesions often are localized in the premotor areas and may be 
surgically accessible (Fig. 5.10). In some patients, multiple 




FIG. 5.6. Frontal lobe malignant astrocytoma. A, B. T1 -weighted 
images demonstrating gyral enhancement with associated perile- 
sional edema. 



lesions may be present. In those circumstances, it is impor- 
tant to determine which lesion is responsible for the patient's 
seizures if surgery is indicated for epilepsy. However, in some 
patients, more than one cavernous angioma need to be surgi- 
cally targeted at times. 



Malformations of Cortical Development 



Malformations of cortical development are now recog- 
nized as causing frontal lobe epilepsy in many patients with 
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FIG. 5.7. Anaplastic oligodendroglioma. A. Axial T1 -weighted 
(500/15) showing left mesial frontal lobe hypointense abnormality 
with mild edema involving mesial frontal area. B. Axial image 
(2200/22) showing homogeneous increased signal from tumor. 



FIG. 5.8. Axial CT scan showing area of calcification involving frontal 
lobe in a patient with cavernous angioma and intractable epilepsy. 

or without intractable seizures. These lesions are described in 
Chapter 7. Because of the importance of these developmental 
focal lesions, we have expanded this section further to include 
other examples of focal developmental lesions. In this section 
we expand on focal dysplasia, transmantle dysplasia, and 
developmental tumors. For further details see Chapter 7. 



Clinical and Anatomic Features 

Developmental focal lesions of the frontal lobe are com- 
mon. These primarily include focal cortical dysplasia or 
Taylor's focal cortical dysplasia, focal transmantle dysplasia, 
focal subcortical heterotopia, and other less common malfor- 
mations. Previous studies have demonstrated that 50-60% of 
focal developmental lesions are localized to the frontal lobes 
(88-92). In a recent study, we described frontal as well as 
central abnormalities in 19/44 cases (92). In most patients 
with frontal lobe lesions, tumors as well as cortical dysplasia 
were found. In those with frontal lobe seizures, the lesions 
were located near the parasagittal regions, involving the mesial 
frontal convexity and the cingulate gyrus or the precentral 
motor and the postcentral sensory cortex. In a previous study, 
we demonstrated the presence of these lesions in the sensory 
motor cortex in association with focal myoclonus (88). 

An important and interesting feature is that, in extratem- 
poral lobe focal cortical dysplasia, the central and pericen- 
tral cortex is often the site of the malformations. In a review 
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FIG. 5.9. A. Coronal T1 -weighted image showing hypodense area 
of abnormality in the deep white matter. In addition, a less defined 
area of abnormality with signal changes suggestive of hemosiderin 
is observed in the lateral frontal area. B. T2-weighted axial image 
demonstrating hemosiderin deposition around lesion. 

of children undergoing surgery for intractable epilepsy, six 
out of 13 patients with extra-temporal-lobe dysplasia 
demonstrated lesions in the central cortex (93-95). These are 
often subtle, with minor degrees of cortical thickening and 
abnormal gyration in this region. In our experience, these 
lesions are often not detected if not carefully evaluated. It is 
not surprising that these lesions are most likely to be located 
in the central region. The central localization stem from 
the known propensity of the motor and sensory cortex to 
developmental lesions. As pointed out in Chapter 7, the high 
incidence of polymicrogyria and schizencephaly in this 



FIG. 5.10. Cavernous angiomas. T2-weighted axial image showing 
two lesions, a right frontal and a left parietal lobe. The frontal lobe 
lesion has evidence of larger hemosiderin deposition. The patient 
had multiple lesions but a unifocal seizure onset. (Courtesy of 
Dr Abou-Khalil, Nashville, TN.) 

region is related to the ischemic nature of these lesions (96). 
It is likely, therefore, that cortical dysplastic lesions are the 
direct result of limited ischemia affecting these regions of the 
cerebral cortex during a specific period during development. 
Following the central area localization, the frontal regions 
appear to be the most likely site of these malformations. 
There is no clear distribution within the frontal lobes, but 
our impression is that in many patients, the lesions involve 
the parasagittal frontal regions as opposed to the orbital- 
frontal or dorsal-lateral convexity. However, this impression 
is based on our own experience and maybe bias. 



Focal Cortical Dysplasia with Balloon Cells 

Experience indicates that focal cortical dysplasia (FCD), 
and in particular typical FCD with balloon cells (Taylor's 
type FCD), can be detected by MRI studies. CT may not 
reveal abnormalities unless associated calcifications are 
seen in some patients. The use of high-resolution studies 
with inversion recovery sequences should allow improved 
recognition of these lesions. 

These developmental abnormalities are characterized as 
described above by the presence of abnormal gyration with 
abnormal underlying T2 signal from the white matter and 
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FIG. 5.11 Cortical lobar dysplasia. Axial T1 -weighted image show- 
ing large right frontal abnormality involving precentral frontal lobe. 
The lesion involves a large area of the frontal convexity. The gyri are 
flat and poorly defined. 



poor distinction between white and gray matter architecture 
(37, 97-103) (Fig. 5.1 1). In many of these individuals, how- 
ever, the lesions are very small and may be easily undetected. 
In fact we believe that in up to 50% of patients these lesions 
had been missed by referring physician. 

Focal cortical dysplasia may be circumscribed or may 
extend beyond one gyrus, or may involve a large portion of 
a gyrus or area of the frontal lobe (Fig. 5.12) (92, 103-109). 
One may also classify FCD lesions into those involving the 
crest of the gyri versus the bottom of the gyrus (bottom- 
of-sulcus FCD; Fig. 5.13). Histologic examination of these 
lesions reveals a spectrum of changes consistent with cortical 
disorganization. Type I lesions with cortical dyslamination 
but without any giant neurons may be seen at the periphery 
of the lesions while, in the core of the abnormalities, abnor- 
mal cellular distribution, large neurons, and giant astrocytes 
may be seen. 

These abnormalities may be better defined using inver- 
sion recovery sequences, which improve the differentiation 
between white and gray matter. In addition, the signal inten- 
sity from the abnormal gray matter may be lower using this 
sequence, probably representing abnormal cellular organiza- 
tion. FLAIR sequences are particularly sensitive to the 
transmantle changes observed in Taylor's classic focal corti- 
cal dysplasia (see Chapter 7). When the lesions are sus- 
pected, surface coils may help in the detection of these 
lesions, since they improve signal-to-noise ratio (Fig. 5.14). 
A number of studies have reported improved detection rates 
with surface coils. However, placement of a surface coil 
demands either suspicion of a lesion or a well-defined electro- 
clinical syndrome to guide placement. 




FIG. 5.12 Focal cortical dysplasia. A. Axial T2-weighted image 
showing subtle changes in the right central region. B. FLAIR coronal 
image showing abnormal signal from cortical surface. Note that the 
abnormality involves cortical mantle and gyrus entirely. 



Focal Transmantle Dysplasia 

Focal transmantle dysplasia, a type of FCD, consists of a 
streak or column of abnormal cells that extends from the 
ependyma to the pial surface, but the pathologic appearance 
is similar to FCD with balloon cells. Although quite recently 
described in the literature, experience suggest that this is not 




FIG. 5.13. Bottom-of-sulcus focal cortical dysplasia. Coronal T1 -weighted (A) and FLAIR (B) images demonstrating focal abnormality. The lesion is 
very small and has slight increased signal at the bottom of the sulcus. The patient has been seizure-free since receiving a frontal lobe resection. 



a rare condition (110). Diagnosis is based on the imaging 
features, which consist of cortical thickening associated 
with a streak from the pial surface to the ventricular wall well 
visualized on T2-weighted or FLAIR sequences. In some 
patients, the column of abnormal cells is thick and can be 
visualized on Tl-weighted images (Fig. 5.15). The clinical 
and EEG features are similar to those of patients with FCD. 



Conclusions 



Magnetic resonance imaging is sensitive in the detection 
of pathology associated with epilepsy in patients with frontal 
lobe seizures. Definition of clinical patterns in frontal lobe 
epilepsy may be important, since exploration of the frontal 
lobes is difficult for the reasons already discussed. Once the 
clinical diagnosis of frontal lobe seizures has been reached, 
the MR imaging protocol should be tailored to search for 
small structural abnormalities. 

A number of new imaging analysis techniques, as discussed 
by Bernasconi, may be advantageous because they can provide 
further diagnostic and objective information in some patients. 
This is important in view of the complexity of gyral patterns in 
the frontal lobes. 



OCCIPITOPARIETAL LOBE EPILEPSY 

Clinical Aspects 

The occipital and parietal lobes are anatomically local- 
ized in the posterior quadrants of the hemispheres. The pari- 
etal lobes are situated in the middle and superior part of the 
hemispheres while the occipital lobes are posteriorly located 
above the cerebellum. The anatomic division between the 
occipital and parietal lobes is not clearly distinguished but 
most anatomist agree that the posterior margin is formed by 
the perpendicular sulcus. Both lobes have a lateral and mesial 
surface with the calcarine fissure in the mesial occipital 



region. The striate cortex is contained in this region, corres- 
ponding to Brodmann's area 17. Association visual cortex 
include areas 18 and 19. For further anatomic details, refer 
to Chapter 3 and other sources. 

Occipital and parietal lobe seizures are less frequent than 
partial seizures originating from the temporal and frontal 
lobes (111-114). The approximate frequency is unknown, 
since epidemiologic studies in general have not attempted 
anatomic localization. However, previous data and clin- 
ical experience suggest that occipital and parietal lobe 
epilepsy may constitute approximately 10% of the partial 
epilepsies (111-114). 

Among the occipital epilepsies, symptomatic and benign 
forms have been described. The benign form of this epilepsy 
is classified within the benign childhood epilepsies (115) and 
is characterized by visual auras followed by motor seizures. 
EEG abnormalities over the occipital regions consist of 
high-amplitude spike-wave complexes occurring only with 
eyes closed. This condition appears less homogenous than 
benign rolandic epilepsy (1 16). In addition, a benign form of 
seizures with parietal lobe EEG foci has been described in 
children but a clear syndrome has not been defined. 
Conversely, it is likely that the majority of cases of parietal 
and occipital lobe at least in adults are symptomatic in 
nature (1 17-121). Based on surgical series and clinical expe- 
rience, these epilepsies constitute fewer than 5% of the cases 
operated at epilepsy centers. 

Although several clinical syndromes have been described 
with epilepsies arising from the temporal and frontal lobe 
regions, less frequent symptomatic syndromes have been 
identified in patients with occipital or parietal lobe epilepsy. 
One example is the syndrome of bilateral occipitoparietal 
polymicrogyria (122). However, patients with occipital lobe 
epilepsy manifest specific clinical symptoms. In contrast, 
patients with parietal lobe epilepsy do not share common 
distinctive clinical symptoms. We will first describe the clin- 
ical manifestations of occipital and parietal lobe seizures 
and then discuss both these localized seizure disorders in the 
context of pathology and MRI. 
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FIG. 5.14 Surface coil study in a patient with frontal lobe seizures. 
A. Axial SPGR images in the head coil were interpreted as normal. 
Even in retrospect, it is difficult to detect the region of cortical dysgen- 
esis (arrow) medial to the central sulcus (C). B. Inversion recovery 
image (video inverted) using the phased array surface coil demon- 
strates blurring of the gray-white junction and thickening of the cortex 
(arrow) involving the posterior paracentral lobule, posterior-medial to 
the central sulcus (C). (Courtesy Dr R. Bronen, Yale University.) 

Occipital Lobe Epilepsy 



Clinically, occipital lobe seizures are most commonly 
manifested by visual auras and ocular movements. Review 
of major series indicate that visual auras are reported in 
approximately 47-73% of patients with occipital lobe 




FIG. 5.15 Focal transmantle dysplasia. A. Axial inverted T2-weighted 
image showing minor sulcal abnormality in the left precentral area. 
B. Coronal FLAIR showing signal changes with typical radial pattern 
extending from ventricular wall to abnormal cortical region. 

epilepsy. In a recent report, Williamson et al. (1 1 1) described 
25 patients with occipital lobe epilepsy studied retrospec- 
tively. Of the 25 patients, 15 reported elementary visual hal- 
lucinations consisting of colored or white lights, or reported 
changes in the contralateral visual field. Interestingly, ictal 
amaurosis was reported by 10 of the 25 patients. In other stud- 
ies, the frequency of visual extinction has been in the order of 
40%. Other patients also report eye-pulling sensations or 
moving sensations within the eyes. Other signs of occipital 
lobe seizures consist of rapid bilateral blinking, eye-fluttering 
or eye deviation with or without head deviation which, in most 
cases, is contralateral to the seizure focus. In another study, 
Blume et al. (123) reported 19 patients with occipitoparietal 
lobe seizures. Visual elementary symptoms were present in 
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11 of 19 patients. However, six patients in his series never 
reported any visual changes with seizure onset. 

In addition, many patients with occipital seizures, after 
their initial seizure symptom (aura), manifest temporal lobe 
behavior, whereas a small number may demonstrate frontal 
lobe seizure symptomatology. This is the result of infrasyl- 
vian seizure spread, which, in most patients, is towards the 
temporal region. Infrasylvian spread, either lateral or medial 
through the inferior longitudinal fasciculus, usually results 
in features suggestive of temporal lobe seizures with 
automatisms, posturing, and visual hallucinations. Medial 
spread through the superior longitudinal fasciculus usually 
produces asymmetric tonic posturing, whereas lateral supra- 
sylvian spread usually produces contralateral clonic activity 
or sensory changes. 



Parietal Lobe Epilepsy 

Clinical semiology in parietal lobe epilepsy is more diffi- 
cult to study (124-127). The incidence of proven seizure foci 
in the parietal lobe, in most series, is very small. Auras may 
not be present or may be difficult to interpret. Apart from 
patients with the expected classical somatosensory semiol- 
ogy, other symptoms include vertigo, complex visual halluci- 
nations, and body movement sensations. Interestingly, most 
reports also stress the fact that up to 50% of patients with pari- 
etal lobe epilepsy do not have any localizing warnings. 
Williamson et al. (126) reported that only seven of 1 1 patients 
with parietal lobe seizures manifested any auras and most 
these were somatosensory in nature. Importantly, somatosen- 
sory auras were not always contralateral to the seizure focus. 

Classic studies have indicated that parietal lobe seizures 
may induce vertigo and complex visual hallucinations. 
However, Williamson and Blume did not report this in their 
patient population (123, 126). In contrast to occipital lobe 
seizures, parietal lobe epilepsy usually produces very few 
reliable findings to help identify the seizure focus. Clinical 
behavior with seizure spread usually depends on the pattern 
of extra parietal or occipital activation. In most cases, the 
symptomatology will depend on suprasylvian activation 
with supplementary motor or other frontal lobe symptoma- 
tology. Similarly, patients with seizures of parietal lobe 
origin with secondary spread to mesial temporal regions 
have been reported. In contrast to the above findings, 
Rasmussen reported that most patients with parietal regional 
epilepsy had either unilateral motor or sensory phenomena 
or other symptoms. Only 10% of patients in his series failed 
to show any significant localizing features. 



Pathology of Occipitoparietal Epilepsy 

As stated above and contrary to temporal and frontal lobe 
epilepsy, occipital or parietal lobe resections are less com- 
mon. Among the 503 pathologic specimens from the 
Mathieson series, 16 had parietal lobe resections and five 



had occipital lobe resections (48). In his series, parietal lesions 
included tumors, vascular malformations, tuberous sclerosis, 
and miscellaneous lesions. Occipital lobe pathology 
was evenly distributed between no abnormalities and the 
presence of gliomas or ulegyria. Rasmussen reported 132 
patients who received surgery of the parietal regions 
between 1930 and 1973 (128). One-third of these patients had 
tumors or vascular malformations encompassing 35% of the 
total series lesions. Postnatal or perinatal trauma or anoxia 
constituted another 60% of the lesions, while postinflamma- 
tory brain meningocicatrix and miscellaneous causes were 
responsible for the remaining 5%. Similarly, occipital lobe 
pathology was less likely related to tumors than is the case 
with parietal lobe lesions. Rasmussen reported 25 such cases 
between 1931 and 1972 and only two had tumors while 
the rest had other lesions. Meningocerebral cicatrix and 
traumatic pathology were observed in 22% of patients. 

In more recent series, including Blume's and Williamson's 
(123, 126), perinatal insult was common in many of the 
patients with occipitoparietal lesions. On pathology, cortical 
developmental abnormalities were found in some patients, 
whereas tumors and vascular malformations were seen in 
the others. In Williamson's series, most patients had hamar- 
tomas or grade I astrocytomas on the parietal lobe, whereas 
on the occipital lobe, 40% of patients had low-grade tumors 
or hamartomas. Encephalomalacia and perinatal lesions 
were also observed in some patients. 

Imaging Findings 

Most reported series antedate the use of MRI. Therefore, 
very limited data is presently available on the sensitivity of 
MRI in the detection of lesions in patients with occipitopari- 
etal epilepsy. Previous series using CT scanning revealed a 
low yield of abnormalities in patients with occipitoparietal 
epilepsy. 

One common detectable imaging finding is the presence 
of occipital horn enlargement. Occipital horn dilatation, 
either unilateral or bilateral, can be detected in some 
patients. Unfortunately, occipital horn dilatation, although 
useful, has in general provided limited localizing value. This 
is because the epileptogenic focus in some of these patients 
may be localized to the occipital pole, mesial occipital 
region, or the lateral occipitoparietal convexity. MRI is 
superior in these patients because it can demonstrate the 
presence of parenchymal abnormalities responsible for 
seizure generation in association with ventricular dilatation. 

Blume et al. (123) reported abnormalities in seven of his 
19 patients. Atrophic lesions, tumors, vascular abnormali- 
ties, and megalencephaly were reported. Most patients in 
their series had CT scans and not MRIs. In many of these 
cases, however, radiologic abnormalities were more exten- 
sive in some patients, being hemispheric in four but always 
unilateral to the same occipitoparietal foci. In contrast, 
Williamson reported that all patients in their series with 
parietal lobe epilepsy had lesions detected by neuroimaging 
techniques (123). However, in six of his patients the lesions 
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were not detected at the time of initial evaluation or prior to 
the introduction of high-resolution MRI. In his occipital 
lobe series, 19 of the 25 had MRIs and 15 of the 19 patients 
had circumscribed focal lesions in the occipital lobe 
detected by MRI. However, since most of the patients had 
tumors or vascular malformations, it is not surprising that 
MRI was highly sensitive and yielded positive results in the 
majority of patients in this selected series. 

Our experience is similar to the one reported by 
Williamson and Blume (123, 126). Patients with occipitopari- 
etal epilepsy may demonstrate abnormalities on MRI studies 
that are either neoplastic, developmental, or vascular in origin. 
This selection bias may reflect the difficulties encountered 
in the investigation of patients with this type of localized 
epilepsy who do not have structural lesions. However, recent 
experience at many centers suggests that occipital epilepsy is 
often associated with developmental or perinatal pathology 
such as polymicrogyria, focal dysplasia, anoxia, or ulegyria. 

Tumors 

Tumors in these regions follow similar MRI features as 
described in previous chapters (77, 78, 129). Low-grade astro- 
cytomas were commonly reported in previous studies but 
more recent experience has been modified by the advent of 
MRI and early detection of lesions upon seizure onset. 
Nevertheless, low-grade astrocytomas and oligodendro- 
gliomas are common abnormalities (Figs 5.16, 5.17). The 





FIG. 5.16 Occipitoparietal oligodendroglioma. Axial T1 -weighted 
(21/5) showing hypointense abnormality with gyral changes and 
edema. 



FIG. 5.17. Malignant paraganglioma. A. Sagittal MRI demonstrates 
mixed signal changes and involvement of mesial parietaf region. 
B. Axial image showing right posterior parietal lesion with multiple 
tissue complexity including calcified tissue. 
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FIG. 5.18. Metastatic lesion, T1 -weighted axial image with GAD 
showing ring-enhancing lesion in the deep gray/white matter parietal 
area. Mild edema is seen on the white matter around the lesion. 



FIG. 5.20. T1 -weighted axial image. Heterogeneous lesion with 
calcifications and contrast enhancement. Postoperative changes are 
seen laterally. Pathology revealed anaplastic astrocytoma. 



role of gadolinium has been described before and is similar 
to its role in other foreign-tissue lesions. The imaging fea- 
tures of these tumors are described in previous chapters. 
More aggressive neoplasms may also present with seizures 
or may lead to intractable epilepsy (Figs 5.18-5.20). An 
important issue in certain patients relates to the location of 
these lesions, in particular when the calcarine fissure or the 



angular gyrus is involved (130). Accurate identification of the 
lesions and their relation to these structures prior to surgery 
is important to prevent the possibility of postoperative visual 
field or language defects. Stereotactic lesionectomy may 
play an important role in these cases (76, 129, 131-133). 




FIG. 5.19. T1 -weighted axial contrast study demonstrating a large 
ring enhancing lesion in the occipitoparietal region. The core is 
hypointense and on histology demonstrates necrosis. Pathology 
consistent with high-grade astrocytoma. 



Congenital Acquired and Developmental Lesions 

In this group, we include in-utero developmental pathol- 
ogy and perinatal acquired injuries. In our own surgical 
experience, the majority of patients demonstrate prenatal or 
perinatal injuries. Porencephalic cyst formation may be 
localized to the posterior cortex, in particular to the parietal 
regions ( 1 34-1 36). The mechanisms underlying these lesions 
have been described before. These abnormalities are of 
variable size and location and may be single or multiple. 
The presence of multiple lesions in some patients may raise 
difficult clinical questions regarding the localization of the 
epileptogenic focus or whether multiple epileptogenic foci 
are present (Fig. 5.21). Focal damage to the sulcus depth may 
result in ulegyria. This pathology is described in Chapter 6. 

Occipital horn dilatation, either unilateral or bilateral, 
can be detected in some patients. Its presence may be useful 
but in many patients its significance is unclear. Etiologies 
are variable. The presence of unilateral dilatation may be 
indicative of regional epileptogenesis in some patients, in 
particular in those with prenatal or perinatal etiologies. The 
presence of unilateral occipital ventricular enlargement 
may be associated with periventricular cortical pathology of 
different degrees and types, or may not be specific at all. 
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FIG. 5.21. Perinatal injury. A. Axial T2-weighted image showing 
high signal changes from occipital lobe with underlying atrophy. 
B. Sagittal T1 -weighted image showing occipital lobe dilatation and 
encephalomalacia. Note microgyria in the underlying cortex. 



In our experience it is difficult to use this particular finding 
as more than a guide to the hemispheric lateralization of the 
epileptic focus (Fig. 5.22). 

Prenatal developmental lesions, such as focal dysplasia, 
can be detected in the occipital or parietal lobes and may 
involve the mesial as well as the lateral convexity (Fig. 5.23), 
but are less common than in the frontal lobes. However, 
polymicrogyria involving the parietal or occipital lobes has 
been described in various syndromes of bilateral polymicro- 
gyria and may be genetic in origin. The MRI features are 
similar to the ones described in other chapters, with thin gyri 
and poor white/gray matter configuration. Occipital horn 




FIG. 5.22. Porencephaly following intraparenchymal hemorrhage at 
birth. Sagittal T1 -weighted image showing cystic formation. Patient 
has occipital lobe seizures preceded by elementary visual aura. 

dilatation may be present unilaterally in some of these 
patients. Other developmental lesions such as schizencephaly 
may be localized to the same region and are discussed in 
other chapters (137-140). 

Specific abnormalities such as ulegyria or Sturge- Weber 
angiomatosis are usually localized to the posterior temporal, 
parietal, and occipital regions or may be fairly localized in 
some individuals to the occipital lobe. These conditions are 
described in more detailed under Chapter 6. 



Vascular Malformations 

Vascular malformations can occur in the parietal and 
occipital lobes (86, 141, 142). The MR imaging character- 
istics are well described in previous chapters and in the 
literature. Arteriovenous malformations may be small and 
should be carefully sought in some patients. Cavernous 
angiomas are also found in the posterior cortex but in our 
experience are less frequently seen than in other regions. 



Conclusions 

The clinical, as well as the surgical experience, suggests 
that epilepsies arising from the occipitoparietal regions 
are difficult to localize from the clinical and EEG viewpoint. 
It is likely that many of these patients are not selected for 
surgery because of poor localizing clinical and laboratory 
features. In most reported cases, structural lesions have 
been found on pathology in the occipitoparietal cortex, 
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FIG. 5.23. Cortical dysplasia. Occipital lobe. A. Coronal T1- 
weighted image demonstrating abnormal left occipitoparietal 
anatomy. The occipital horn is asymmetric and the overall anatomy 
of the region is abnormal. B. Axial IR demonstrating abnormal 
gray/white matter pattern in the same region. 



underscoring the fact that in previous years a selection bias 
existed towards those with structural lesions. However, 
recent experience suggests that many patients with these 
abnormalities and more subtle lesions can now be detected 
with MRI. Further experience and larger series are needed in 
this respect. 
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CHAPTER 6 

MRI in Special Conditions Associated 
with Epilepsy 

Ruben I. Kuzniecky and Graeme D. Jackson 



"Attacks bear a certain degree of affinity to epilepsy ... without coming up to the description of it The convulsion is not always 

universal, being sometimes confined to one half of the muscular system, and scarcely passing over the median line." 

J.C. Prichard, 1822 



INTRODUCTION 

The epilepsies have various underlying etiologies, some 
of which are acquired and can be detectable using modern 
imaging techniques. Some of these entities are acquired, 
whereas others may be genetic. These pathologies may 
include lesions that occupy small areas or may involve, at 
times, an entire lobe, a hemisphere, or may be multifocal 
or diffuse in nature. In this chapter, instead of following 
the anatomic approach, we describe a number of specific 
conditions and syndromes where epilepsy is a prominent 
part of the clinical condition. Some of these conditions are 
characterized by unilateral hemispheric or diffuse abnor- 
malities that have not been dealt with specifically in other 
chapters and, on the other hand, some are focal in nature and 
have been described in other chapters in more detail. This 
chapter by definition does not include all potential condi- 
tions associated with epilepsy, but we will highlight what we 
believe are a number of important entities. 

The epileptic conditions described in this chapter can result 
from multiple mechanisms and etiologies. A classification of 
these disorders is beyond the scope of this chapter. Depending 
on the time of injury, these injuries may be divided into pre- 
natal, perinatal, or postnatal in nature. According to their 
histologic basis, they can be classified into developmental, 
neoplastic, ischemic, inflammatory, or infectious. A classifica- 
tion based on the etiologic factors responsible for each condi- 
tion will include some of the histologic changes described 
before but other etiologies such as trauma may be included in 



the classification. In this chapter we will describe some of 
these conditions, in particular those associated with epilepsy 
and how MRI may help in the diagnosis and management of 
these patients. In this chapter we include stroke and related 
vascular conditions, two distinct congenital malformations 
(Sturge-Weber syndrome and hypothalamic hamartomas), and 
infectious diseases associated with epilepsy. 



VASCULAR OR ISCHEMIC INJURY 

Vascular injury can be associated with epilepsy by a 
number of entirely different mechanisms. These include 
ischemia, infarction, and hemorrhage. Importantly, the age 
at time of the vascular insult has a significant impact on the 
mechanisms involved in injury and development of epilepsy. 
In this section we emphasize vascular injuries to the develop- 
ing brain since they are more commonly associated with the 
development of epilepsy. 

Ischemia in a young developing brain can occur prenatally, 
perinatally, and postnatally. The lesions can produce unilat- 
eral or bilateral, regional or widespread hemispheric pathol- 
ogy. Commonly these injuries are extensive and involve large 
parts of one hemisphere. These lesions can be classified 
according to the time of injury, by the gross morphologic fea- 
tures, and by their histologic characteristics. Most authorities 
classify these lesions as prenatal, perinatal and postnatal (1-4). 

Prenatal injuries usually present with cavity lesions of the 
full thickness of the hemispheric wall, which represents 
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FIG. 6.2 Prenatal infarction and partial seizures. Axial T1 image 
showing a large cavity involving the right frontal temporal region. The 
frontal medial and occipital regions are spared, indicating involve- 
ment of the middle cerebral artery. 



destruction or injury of the cerebral tissue during early 
development (4). In some cases, the injuries are severe 
enough to cause massive destruction of an hemisphere, while 
in other cases the injury is more restricted in nature 
(Figs 6.1, 6.2). 



FIG. 6.1 Prenatal infarction. A. Axial T1 image showing large cavity 
involving the right hemisphere in the distribution of the middle 
cerebral artery. Possible occlusion at the proximal level of the right 
middle cerebral artery. B. Coronal image showing large cavity with 
remaining frontal pole. The patient had intractable partial seizures of 
right occipital lobe origin. 



Porencephaly 



One of the most common forms of prenatal hemispheric 
lesion is porencephaly (4). A few familial cases have been 
reported, raising questions about the possible genetic base in 
some individuals (5). Porencephalic cysts communicate with 
the ventricles, with the subarachnoid space, or with both 
(Fig. 6.3). These lesions are secondary to circumscribed 
hemispheric necrosis that occurs in utero or before the cere- 
bral hemisphere is formed (2). The mechanism underlying 
these lesions is usually ischemia or resolution of an intra- 
cerebral hemorrhage related to occlusion of a major cerebral 
artery (6). Neonatal hemorrhages may give rise to these 
lesions after reabsorption and can be large or small in size 
(Fig. 6.4) (7-11). The developmental origin of these lesions is 
clear in view of the minimal gliosis and the commonly 
associated changes in the adjacent cortex, which demon- 
strates developmental abnormalities (12). Cyst formation in the 
neonatal brain is the direct result of poor collateral circula- 
tion and the lack of a strong astrocytic response. As opposed 
to pure porencephalic lesions, encephaloclastic lesions in 
the terminal phase of the pregnancy do not alter the gyral 
development and usually produce irregular defects in the 
lesions. Encephaloclastic lesions are usually related to 
periventricular infarcts or to infarcts in early childhood (13). 



MRI in Special Conditions Associated with Epilepsy / 199 




FIG. 6.3 Coronal MRI demonstrating a large cavity involving the left 
frontal central temporal region associated with a left middle cerebral 
artery infarction. The cavity is communicating with the ventricle and 
has the same signal as cerebrospinal fluid. Cavitations are 
observed, indicating late injury. 



FIG. 6.5 Perinatal ischemic stroke. T1 -weighted axial images. 
Large porencephalic cyst involving the territory of the middle cere- 
bral artery. Seizures were of widespread onset, involving the entire 
hemisphere. 




FIG. 6.4 Small cystic cavity secondary to a neonatal intraparenchy- 
mal bleed. The patient developed intractable epilepsy in childhood. 
T1 -weighted images show evidence of a well defined cystic cavity in 
the mesial frontal region. 



Porencephaly is commonly bilateral, but may be unilat- 
eral and is usually localized to the perisylvian region. The 
defect is usually covered by a thin arachnoid membrane 
without mass effect. The cysts are not lined by ependyma 
and their surface is gliotic. These lesions may communicate 
with the ventricle or may be separated from it by a thin layer 
of tissue (Fig. 6.5). As stated above, many of these lesions 
manifest changes in the adjacent cortex, which may be 
polymicrogyria in some cases (14-16). In other patients, the 
adjacent gyri are also abnormal but do not demonstrate 
polymicrogyria. However, cases of porencephalic cysts with 
polymicrogyria have been well documented (4). 

Autopsy series in neonates have demonstrated cerebral 
infarcts in up to 5% of patients. The histologic changes are 
similar to those found in infarcts in adults and the findings 
are consistent with events that occur in utero. It is possible 
that, in the majority of these cases, embolization is the 
cause. These patients often have congenital heart conditions 
and will manifest other symptoms at birth. In those children 
who survive, focal seizures are often the presenting event. 
A large study examining more than 500 infants at autopsy (17) 
reported an incidence of 5.4% of cerebral infarcts. In that 
study, the authors found that arterial occlusion with 
embolization was a major causative agent in neonates. Many 
of the patients who survived had focal neurologic deficit 
with porencephaly, hemiplegia, and motor retardation. In gen- 
eral, one can state that infarcts occurring early in fetal-life 
will produce cortical neuronal cell loss and cytoarchitec- 
tonic abnormalities with polymicrogyria. Infarcts in the 
late uterine phase may resemble those of adults. They are 
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FIG. 6.6 A, Congenital porencephaly and intractable epilepsy. 
T1 -weighted coronal image shows a large cystic cavity (arrow). In 
addition, note evidence of ipsilateral hippocampal atrophy typical of 
hippocampal sclerosis (arrowhead). B. Porencephaly and intractable 
epilepsy with contralateral hippocampal sclerosis (arrow). 



characterized by formation of a cavity with varying degree 
of phagocytes and astrocytosis. 

Perinatal and postnatal occlusive diseases are usually char- 
acterized pathologically by the presence of severe cortical 
necrosis and hemorrhages of the cortical and subcortical white 
matter. Friede reported that, in neonates, most acute cerebral 



infarcts of arterial origin are hemorrhagic in nature (4, 18). 
Interestingly, many of these children do not manifest any 
epileptic activity during the early and acute phase of their 
illness but, if they survive, they usually go on to develop 
hemiparesis or hemiplegia and focal seizures, as well as vari- 
able cognitive dysfunction. MRI shows unilateral lesions, 
variable in size and location but usually in the territory of the 
middle cerebral arteries. In addition, hemorrhages may result 
in general ventricular dilatation and hydrocephalus in some 
patients (8, 19). 

Periventricular infarcts are related to anoxia during the 
perinatal period (20-23). Although fairly typical, in some 
patients they may be associated with focal ischemic lesions 
or ulegyria (3, 13). The clinical features are not further 
described. 

Although porencephaly is common in children with 
epilepsy, it is not necessarily the cause of seizures (24). Recent 
data suggest, in fact, that most patients with hemispheric 
porencephaly and seizures have temporal lobe epilepsy sec- 
ondary to mesial temporal sclerosis that can be detected 
with optimized techniques (Fig. 6.6). The presence of mesial 
temporal sclerosis is usually ipsilateral to the porencephaly 
but it can be contralateral as well (Fig. 6.6B). Volumetric 
studies have shown however, that patients with poren- 
cephaly often have bilateral asymmetric or symmetric hippo- 
campal atrophy. The significance of these findings is 
twofold: first, the detection of mesial temporal sclerosis in a 
given patient with extratemporal porencephaly may indicate 
localization of the epileptic focus to the mesial temporal 
region. Second, the presence of mesial temporal sclerosis 
in this context requires careful evaluation for subtle contra- 
lateral hippocampal atrophy. Third, ischemic injury may 
produce focal as well as widespread pathology, with some 
areas more vulnerable than others. 



Ulegyria 

A less common perinatal injury, ulegyria, or atrophic 
sclerosis, was first described in 1899 by Bressler (25). 
Although ulegyria is considered a hallmark of birth injury, 
the pattern of damage is not exclusive to infancy. 
Histologically, ulegyria is characterized by vacuolization, 
chromatolysis, and neuronal drop-out. There is usually no 
evidence of vascular occlusion (26-28). With time there is 
massive proliferation of glial and blood vessels and 
macrophages. These lesions are usually in the sulci and tend 
to spare the crowns of the convolutions. The degree of 
change is variable and, in the most severe lesions, the entire 
cortex may be destroyed at the bottom of the sulci. Laminar 
necrosis occurs most often in the third cortical layer (4). 

Ulegyria is usually distributed in the arterial border zones. 
The preferential perisulcal distribution may result from per- 
fusion defects associated with hypotension. Venous drainage 
impairment may contribute to the particular distribution. 
The lesions are usually unilateral and may extend through 
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FIG. 6.7 Ulegyria; partial seizures. Axial MR T2-weighted image 
demonstrating high-intensity signal from the right posterior parietal 
occipital region. The high-intensity signal appears to involve the 
white matter with a typical distribution at the arterial border zone. 
Right posterior resection confirmed the diagnosis. 



one hemisphere but bilateral lesions have also been reported. 
In some cases, porencephalic cyst formation and adjacent 
ulegyria can been observed. Figure 6.7 demonstrates a case 
of ulegyria of the occipital parietal region associated with 
intractable partial seizures. The MRI features often can be 
recognized because of the location and the presence of T2 
high signal changes (as seen in infarcts) in the cortico/white 
matter regions. 

Having described some of the pathologic features of 
these injuries we should briefly mention that the mechan- 
isms responsible for injury are diverse. Embolization in 
children with congenital heart anomalies is common. Other 
causes of embolization in neonates include patent ductus, 
placental vessel thrombosis, and sepsis. Thrombosis may be 
related to trauma, coagulopathy, infection, and polycythemia. 
Hypoxia and hypotension are rarely responsible for unilat- 
eral hemispheric lesions but it can occur. 

Among patients with diffuse nonspecific anoxic injuries 
and epilepsy, we have attempted to classify some of these 
cases according to the possible underlying time and type of 
injury. In many, pre- and perinatal injuries appear to be 
common. As with unilateral vascular-related injuries, bilat- 
eral pathology may be detected in some children. In-utero 
malformations resulting from perfusion failures may result 



FIG. 6.8 Diffuse prenatal anoxia. Coronal axial image showing 
diffuse cerebral atrophy with prominent cortical thinning and ventric- 
ular asymmetry. Axial T2-weighted images show microgyria and 
diffuse cerebral atrophy. 



in cortical migration and postmigration disorders associated 
with changes that appear to be postnatal as well. Intrauterine 
ischemia may result in a variety of injuries depending on the 
offending agent, the time of injury, and other related factors. 
Perinatal anoxic insults resulting in extensive and diffuse 
cortical and subcortical injuries are commonly observed 
(Fig. 6.8). 
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ISCHEMIC STROKE AND EPILEPSY 



Incidence 



Stroke is one of the most frequent causes of s 
adulthood (29-34). The incidence of epilepsy in older indi- 
viduals is dramatically increasing because of the total 
increase in the elderly population. Since the prevalence of 
cerebrovascular disease increases with age, it is expected that 
both of these conditions will become more frequent with time. 

Although the frequency of seizures after stroke is variously 
estimated at 4-14%, the data is based on retrospective studies 
with variable follow-up, often without computed tomographic 
(CT) confirmation of the lesion. Often included were patients 
with arteriovenous malformations, brain-stem strokes, sub- 
arachnoid hemorrhage, or a previous history of seizures or 
epilepsy. Therefore, earlier data were less reliable. 

The most comprehensive study is the stroke after seizures 
study (SASS). The study enrolled 1897 patients and found 
an overall incidence of seizures of 8.9%, with chronic 
epilepsy a sequela in only 2.5%. However, the mean follow- 
up was only 9 months. Previous studies indicated that 
patients with hemorrhagic stroke were at significantly 
greater risk of seizures (20% per year) compared with 
patients with ischemic stroke (14% per year), particularly in 
the first few days after stroke onset. 

The frequency of epilepsy as a late sequela of stroke has 
been estimated previously at 3-10%, with a higher risk after 
late-onset than early-onset seizures. In SASS, epilepsy 
occurred in 2.5% of patients (up to 9 months) overall but 
was present in approximately half of those with late-onset 
seizures after ischemic stroke and in all patients with late- 
onset seizures after hemorrhagic stroke. After controlling for 
other clinical variables, late-onset seizures were identified 
as an independent risk factor (with a 1 2-fold increase) only 
for epilepsy after ischemic stroke. In another study, 81% of 
the patients who had seizures after the second week from 
onset of the stroke develop epilepsy while seizures during 
the first 2 weeks led to epilepsy in only 6% of patients. 

Seizures are a more common accompaniment of hemor- 
rhagic rather than ischemic stroke (35-37). Bladin et al. found 
the incidence of seizures to be 10.6% among 265 patients 
with intracerebral hemorrhage versus 8.6% among 1632 
with ischemic stroke. In another prospective series, seizures 
occurred in 4.4% of 1000 patients, including 15.4% with 
lobar or extensive intracerebral hemorrhage, 8.5% with sub- 
arachnoid hemorrhage, 6.5% with cortical infarction, and 
3.7% with hemispheric transient ischemic attacks. A seizure 
was the presenting feature of intracranial hemorrhage in 
30% of 1402 patients. 



Location and Seizures 



Cortical location is among the most reliable risk factors 
for poststroke seizures, although controversial data exist. 



Poststroke seizures were more likely to develop in patients 
with larger lesions involving multiple lobes of the brain than 
in those with single lobar involvement (30, 32, 38—41). 
However, any stroke, including those with only subcortical 
involvement, may occasionally be associated with seizures. 
Earlier studies, relying on less sensitive neuroimaging tech- 
niques, may not have detected concomitant small cortical 
lesions that could cause ictal activity. In addition, the only 
clinical predictor for seizures after ischemic stroke is the 
severity of the initial neurologic deficit. Greater initial 
stroke severity or stroke disability predicted seizures. By 
contrast, in the Oxfordshire Community Stroke Project, only 
3% of 225 patients who were independent 1 month after a 
stroke experienced a seizure between 1 month and 5 years. 

The lobar site is considered to be the most epileptogenic 
location in patients with intracerebral hemorrhage. In a 
series of 123 patients (40), seizure incidence was highest 
with bleeding into lobar cortical structures (54%), low with 
basal ganglionic hemorrhage (19%), and absent with thala- 
mic hemorrhage. Caudate involvement of the basal ganglia 
and temporal or parietal involvement within the cortex pre- 
dicted seizures. Hemorrhage due to cerebral venous throm- 
bosis also commonly presents with seizures. Parenchymal, 
often cortical, hemorrhage resulting from local venous con- 
gestion is the likely cause of seizure activity. 

Magnetic resonance imaging findings in stroke and 
epilepsy are well recognized and are not described in detail 
here since the imaging features are not different from those 
seen in patients without seizures or epilepsy. Diffusion- 
weighted MRI and new perfusion techniques are able to 
detect ischemia earlier and may be of help in investigating 
stroke and epilepsy. 



STURGE-WEBER SYNDROME 

This syndrome is described under this chapter in view of 
the vascular and progressive nature of the lesions, even 
though we recognize that it is developmental in origin. The 
Sturge- Weber syndrome or encephalotrigeminal angiomatosis 
is one of the neurocutaneous syndromes first described 
by Sturge in 1879 (42). This condition is considered to be a 
sporadic noninherited abnormality but few familiar cases 
have been reported. 



Clinical Features 

Clinical features include the presence of a facial vascular 
nevus in the territory of the trigeminal nerve, in conjunction 
with a variety of cerebral manifestations. This include par- 
tial seizures, cognitive deficits, hemiparesis or hemiplegia, 
hemianopsia, buphthalmos, and glaucoma. Seizures are 
recorded in over 90% of patients and, in general, the more 
the seizures the more the developmental disorder and hemi- 
paresis. However, the variation in severity of the epilepsy 
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FIG. 6.9 Sturge-Weber syndrome. A. Coronal spin-echo 2800-90 demonstrates gyri with calcifications over the left occipital region. Hypointensity 
is marked on long 7 R /7 E images. B, C. Two consecutive coronal images on the same patient using gadolinium (500-13). Note enhancement of 
pial angiomatosis over the temporal occipital region. 



related to Sturge-Weber syndrome is great and not all 
patients have seizures or intractable epilepsy (43). 

Intracranial abnormalities in this syndrome consist of 
venous angiomatosis of the leptomeninges. The meningeal 
abnormality is usually found in the anterior lateral occipital 
lobe, with variable extension into the posterior temporal 
and parietal regions. In most cases the intracranial lesion is 
ipsilateral to the nevus but contralateral and bilateral lesions 
have been described. In addition, the forme fruste of the 
syndrome has been described in some patients, with the 
presence of angiomatosis in the cerebral cortex but no evi- 
dence of skin lesions. Calcifications are progressive, are 
seen in older patients, and are usually adjacent to the lepto- 
meningeal abnormality. Histologic analysis reveals that 
these calcifications have a pericapillary distribution, usually 
in the fourth layer of the cerebral cortex, and are thought to 
be related to hypoxia. 



Imaging Findings 



Radiologic investigations in these patients have been use- 
ful since 1922 when Weber first noted the characteristic 
intracranial calcification in skull X-rays. CT scan is also 
useful in the diagnosis of this condition. Cerebral atrophy, 
sinus hypertrophy, intracranial calcifications, and abnormal 
choroid plexus prominence are detected with CT scans. 
In addition, enlarged internal cerebral veins may be seen 
in some of these individuals with associated absence of 
superficial cortical veins overlying the areas of cerebral 
atrophy. 



Magnetic resonance imaging investigations in patients 
with Sturge-Weber syndrome are extremely useful for the 
diagnosis (44^-8). Both short-echo and long T R /T E studies 
should be done. In addition, gradient-echo sequences are 
useful in the detection of calcifications (47). On MRI, there 
are usually diffuse calcifications involving the cortex of the 
brain, which is commonly in the occipital or occipital- 
parietal temporal region (as discussed above; Fig. 6.9). 
However, rarely the angiomatosis may be localized to the 
frontal region, as demonstrated in Figure 6.10. In the region 
of calcifications, spin-echo MR images often show 
hypointensity indicating the presence of deposited iron 
rather than calcifications. There is usually cortical atrophy 
in the involved site, especially in the areas of calcifications. 
Gradient-echo sequences are helpful for demonstrating the 
presence of microcalcifications. In younger children, the 
calcifications may be absent and the only abnormality may 
be the presence of atrophy and small gyri. These features 
may be related to iron content in the vessels. Choroid plexus 
angiomas are usually well demonstrated and abnormal 
venous drainage can also be studied with MRI. 

Contrast enhancement appears to be relatively useful in 
the study of these malformations. According to several 
investigators, contrast-enhanced MRI may reveal abnormal- 
ities in some patients in which the standard Tl techniques 
may not (47, 49). 

Magnetic resonance imaging in the investigation of 
patients with Sturge-Weber syndrome is important for sev- 
eral reasons. First, the extent of calcifications and 
angiomatosis can be well demarcated with MRI. This is of 
extreme importance if the patient is a candidate for surgical 
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FIG. 6.10 Sturge-Weber syndrome. Axial enhanced MRI study in 
a 2-month-oId child with intractable focal seizures. Atrophy and 
abnormal enhancement is noted with gadolinium. (Courtesy of 
Dr B. Abou-Khaiil, Vanderbilt University, Nashville, TN.) 



intervention for intractable epilepsy. Secondly, in cases in 
which the skin lesions may be absent (forme fruste of 
Sturge-Weber syndrome), the diagnosis of the condition can 
be made. Figure 6.11 demonstrates such an example. This 
patient had no skin lesions; neurologic examination was 
normal, and the cause of seizures unknown prior to MR 
examination. MRI demonstrated typical findings confirmed 
at surgery and pathology (Fig. 6.12). 

Finally, MR investigations may provide more informa- 
tion about the vascular supply, and the venous drainage 
of these malformations in patients who are considered for 
surgery. 



HYPOTHALAMIC HAMARTOMAS AND 
GELASTIC SEIZURES 

Gelastic epilepsy was first described in 1957. Gelastic 
seizures are an uncommon epileptic seizure type, with 
laughter as the main ictal manifestation. They typically 
occur in association with hypothalamic hamartomas but 
laughter may also occur in complex partial seizures of 
frontal or temporal lobe origin. Hypothalamic hamartoma 
with gelastic seizures is recognized in patients with epilepsy 




FIG. 6.11 Forme fruste of Sturge-Weber syndrome. A. Axial 
T2-weighted image showing cortical atrophy and hyperintense 
signal from the right occipital region. B. Axial 600-15 images with 
gadolinium demonstrating enhancement of cortical abnormality. 
Enhancement shows very clearly the extent of the abnormality. 
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FIG. 6.12 Intraoperative photograph on patient shown in Figure 6.1 1 . Pial angiomatosis is clearly demonstrated over the right occipital cortex. 
(Courtesy of Dr. B. Abou-Khalil, Vanderbilt University, Nashville, TN.) 



as a very particular syndrome. Seizures usually begin in 
infancy or childhood and often consist of laughing attacks. 
Most patients, however, develop other seizure types with 
time, ranging from partial complex seizures to drop attacks. 
Associated features include precocious puberty and behav- 
ioral problems, and in some patients progressive cognitive 
and social deterioration has been documented (50, 51). The 
ictal laugh is usually mechanical and most commonly occurs 
as the initial behavioral change. Seizure frequency is vari- 
able, with some individuals having few seizures while others 
experience up to 200 seizures per day. Cognitive testing 
shows mental retardation or borderline intelligence in most 
patients. Aggressive and violent behavior is common (52-59). 

Electroencephalographic (EEG) abnormalities are com- 
monly bitemporal or multifocal. Most commonly, interictal 
discharges are localized in the temporal or frontal lobes or 
are hemispheric. Ictal EEG studies are seldom clearly focal 
in nature (52-59). However, ictal single-positron-emission 
computed tomography (SPECT) has clearly shown the exact 
origin of the ictus and has led to surgical intervention with 
dramatic results in most treated patients. 

Hypothalamic hamartomas have been classified in several 
ways. Valdueza et al. (56) developed a classification system 
based on topographic and clinical data and correlated the sur- 
gical risk with the type. Pedunculated hamartomas are classi- 
fied under types la and lb while sessile hamartomas are 
classified as type 2a or 2b. There are clinical correlations to 
the different subtypes, with type 1 usually associated with 
precocious puberty whereas the others are associated with 
epilepsy. 



More recently, Arita et al. (60) classified these lesions into 
two types on the basis of MRI findings. The parahypothala- 
mic type, in which the hypothalamic hamartoma is attached 
to the floor of the third ventricle or is on a peduncle, is 
associated with precocious puberty. The intrahypothalamic 
type, in which the hypothalamic hamartoma is enveloped by 
the hypothalamus and distorts the third ventricle, is commonly 
associated with gelastic epilepsy, with or without precocious 
puberty, mental retardation, and behavioral problems. The 
sessile or intrahypothalamic types of hypothalamic hamar- 
tomas, which have a prominent intraventricular component, 
are most strongly associated with gelastic epilepsy, perhaps 
because of the hypothalamic distortion and close connec- 
tion to the thalamus (Fig. 6.13). The size of hypothalamic 
hamartomas may also be a determinant of clinical mani- 
festations, with large lesions often associated with gelastic 
epilepsy. 

These results suggest that classification of hypothalamic 
hamartomas into these two categories based on MR findings 
results in a clear correlation between symptoms and the 
subsequent clinical course. 

Magnetic resonance imaging is the imaging method of 
choice for detecting the hamartomas and planning surgery 
(54, 60-64). The size of the hamartomas is variable, and they 
may be pedunculated or sessile as described above. They 
are localized in the tuber cinereum and, using multiplanar 
imaging, the lesions can be detected as hyperintense on 
T2 images or isointense with gray matter on Tl sequences 
(Fig. 6.13). On inversion recovery (IR) images the hamar- 
tomas have low signal intensity. Sagittal images are often 
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FIG. 6.13 Hypothalamic hamartoma. A. Sagittal T1 -weighted image showing a large hamartoma extending interiorly and anteriorly. No other 
abnormalities are observed. B. In this other patient, the hamartoma is attached to the mamillary bodies. C. Coronal T1 -weighted image of 
another patient with hypothalamic hamartoma. In this case, the lesion is much smaller and is totally intraventricular (III ventricle). There is attach- 
ment to the mamillary body on the left. 



the best for screening purposes. The most important differ- 
ential diagnosis includes glioma. The absence of growth is a 
critical imaging feature that differentiates both lesions. 

The history of hypothalamic hamartoma and its treatment 
is a fascinating one in terms of the origin of seizures. 
Neurosurgical intervention often resulted in poor outcome. 
Led by nonfocal or false lateralizing EEG findings, the pos- 
sibility of occult cerebral dysgenesis, and the high morbidity 
of traditional neurosurgical treatment of hypothalamic 



hamartomas, physicians were reluctant to intervene. These 
factors, plus unsuccessful cortical resections and corpus 
callosotomy, in fact, discourage surgical treatment. However, 
evidence to support the intuitive concept that gelastic 
seizures and other seizure types arise in hypothalamic 
hamartomas has led to surgical or radiosurgical treatments 
now being used to remove, injure, or disconnect hypothala- 
mic hamartomas in patients with intractable epilepsy, with 
excellent results. 



MRI in Special Conditions Associated with Epilepsy / 207 



INFECTIOUS/INFLAMMATORY 
CONDITIONS 

Infectious and postinfectious disorders are common 
antecedents in patients with epilepsy. However, the under- 
lying injury after these conditions is either focal (abscess) or 
widespread in nature. We will first address one particular 
condition, possibly postinfectious and immune-related, 
predominantly unilateral hemispheric, and associated with 
intractable epilepsy. Abscess and other infectious disorders 
are described later on in this chapter. 



Rasmussen's Encephalitis 
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One of the most devastating unilateral epileptic conditions 
is the syndrome of chronic encephalitis of Rasmussen (65-67). 
This syndrome, first described in 1958, is characterized by a 
slowly progressive neurologic hemisyndrome and severe 
focal seizures. The syndrome, which occurs worldwide, has 
now been reported in the literature in more than 300 patients. 



Clinical Features 

The clinical features consist of early-onset partial 
seizures which usually start after the age of 1 and before the 
age of 14. Some 85% of patients develop seizures before the 
age of 10 years. Perinatal and postnatal courses are usually 
normal in these patients. 

Up to 50% of patients report a history of an infectious or 
inflammatory episode before the onset of the syndrome. 
This has been reported to occur 1-6 months prior to the 
onset of epilepsia partialis continua. The illness is usually 
reported to be a nonspecific upper respiratory infection. 
Some patients have had measles encephalitis prior to the 
chronic illness. Although focal motor seizures are the main 
epileptic semiology in this syndrome, up to 30% of patients 
present with generalized tonic-clonic convulsions. Up to 
25% of patients develop simple partial seizures and another 
25% may develop complex partial seizures. Interestingly, up 
to 20% of patients may present with status epilepticus as the 
first manifestation of their epilepsy (68). 

The main seizure type is partial motor seizures. These 
occur in 75% of patients and tend to persist throughout the 
clinical course. They tend to involve exclusively one side of 
the body, in particular the arm and, less frequently, the leg 
and face. Focal seizures with secondary generalization may 
occur in up to 40% of patients. Complex partial seizures 
with motionlessness, followed by motor involvement of 
the side of the body, are also seen in some patients. The 
frequency of seizures in this condition is great. Patients 
without epilepsia partialis continua have frequent attacks 
with more than one focal motor seizure per hour. Epilepsia 
partialis continua is one of the most common clinical seizure 
patterns in this condition and is reported in up to 60% of 



FIG. 6.14 Clinical seizure types and relative frequency among 
patients with Rasmussen's encephalitis. (With permission from 
Andermann 1991. 68 ) 



patients. Generalized convulsive status epilepticus is seen in 
up to 20%. Figure 6.14 demonstrates the relative frequency 
of each seizure pattern in a population of patients with 
Rasmussen's encephalitis. 

The clinical course in this condition is relentless and pro- 
gressive deterioration in most patients. Seizure frequency 
and severity appears to increase with time but this is vari- 
able. Hemiparesis gradually becomes apparent 3 months to 
10 years after the onset of the epilepsy. This is the case in 
most individuals. With time, continuous deterioration and 
progressive hemiparesis develops until the patient loses 
almost complete use of his/her limbs, with associated partial 
visual field defect (Fig. 6.15). In most cases, seizures tend to 
decrease somewhat in the late part of the illness. Progressive 
mental deterioration, dysphasia, and toxicity from medica- 
tions account for the devastating neurologic sequelae of 




Age (years) 
FIG. 6.15 Time from seizure onset to the development of hemi- 
paresis in patient's with Rasmussen's encephalitis (n = 42). 
(With permission from Andermann 1991. 68 ) 
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this syndrome. Prior to surgical intervention, all patients 
have a mild to severe hemiparesis with more than 80% also 
developing cognitive deterioration, visual field changes, 
dysphasia, and other behavioral problems (69-71). 



Electroencephalographs Findings 

Electrographic investigations usually reveal the presence 
of abnormal background activity with asymmetric slow wave 
activity in almost 90% of patients. Polymorphic delta activ- 
ity and a combination of polymorphic delta and intermittent 
bilateral rhythmic delta activity is seen in all patients. 
Interictal epileptiform discharges are recorded in most 
patients and consist of multiple independent foci, usually lat- 
eralized to one hemisphere. However, bilateral, multiple 
independent discharges may be seen over both hemispheres 
in up to 30% of patients. If one is able to follow the electro- 
graphic changes through the year, one can also observe 
evidence of progressive deterioration of the EEG back- 
ground activity with also the appearance of low amplitude 
activity from the damaged hemisphere. These changes are 
the direct result of the continuous and relentless burn-out 
phenomenon that occurs in these patients (72). 



Neuropathology Aspects 

Chronic encephalitis, which is the hallmark of this con- 
dition, refers to a persistent inflammatory response of the 
brain to an unknown pathologic factor. The pathologic fea- 
tures of chronic encephalitis are well known. In the acute 
phase of the disease, chronic encephalitis is characterized by 
the presence of microglial nodules with neuronophagia 
and perivascular chronic inflammation (Fig. 6.16). The 
microglial nodules tend to be found near the perivascular 
cuffs with small lymphocytes and monocytes (65, 73-79). 
Spongiosis is mostly observed in association with inflam- 
matory changes and is variable. These changes are primarily 




FIG. 6.16 Chronic Rasmussen's encephalitis. Intensive Iympho- 
monocytic perivascular chronic inflammation in a patient with a 
2-year history of Rasmussen's (hematoxylin and eosin stain x100). 



seen in the cortical mantle and the white matter appears 
to be involved very seldom. Within the cortex, multifocal 
neuronal loss is frequently seen and predominates on the 
superficial and intermediate cortex. There are usually abun- 
dant, bizarre, hypertrophic astrocytes and areas of collapse 
merge with cavities with large amounts of perivascular lym- 
phocytes. In a few patients, granulomatous inflammatory 
changes and absence of microglial nodules in neuronopha- 
gia have been reported. 

Although the morphologic substrate of chronic 
encephalitis is in itself nonspecific, the distribution, spread, 
and evolution of the inflammatory changes are quite defini- 
tive and specific for Rasmussen's encephalitis. As pointed 
out by Robitaille et al., this disorder is predominantly a cor- 
tical disease with unpredictable patchy regional distribution 
and it is overwhelming unilateral in the cerebral hemispheres 
without involvement of the cerebellar structures (65, 73). 

Although the histologic features are very similar to an 
inflammatory postviral disorder, viral inclusions are not 
observed. In addition, immunocytochemical studies using 
multiple viral antigens have yielded negative results. 
Although a recent report using in-situ hybridization reported 
a correlation between chronic encephalitis and cytomegalo- 
virus (80), this has not been confirmed at other laboratories 
(50). More recent studies by McNamara have suggested that 
high titers of antibodies against glutamate receptors (GluR) 
give rise to an autoimmune hypothesis for Rasmussen's 
encephalitis. It has been proposed that, in some of these 
patients, circulating antibodies reach the brain to interact 
with subunit 3 of [alpha]-amino-3-hydroxy-5-methyl-4- 
isoxazole propionic acid glutamate receptors (GluR3). This 
is supported by the finding that some of the rabbits immu- 
nized with synthetic fragments of the extracellular portion 
of GluR3 developed recurrent seizures and neuropathologic 
alterations similar to those observed in patients with 
Rasmussen's encephalitis. However, the possibility that other 
autoantibodies might be involved cannot be ruled out. It is 
also possible that anti-GluR3 antibody generation is only the 
epiphenomenon of a more complex and intriguing disease 
process, and this must be investigated by determining whether 
these antibodies are also present in other autoimmune or 
viral diseases, or in patients with other types of severe drug- 
resistant epilepsy (81). 



Imaging Studies 

Imaging studies have been carried out in patients with 
chronic encephalitis since the 1940s. Skull radiography and 
pneumoencephalography reveal the presence of unilateral 
atrophy and progressive atrophy with increased ventricular 
size in patients with this condition. With pneumoencephalo- 
graphy, gradual and progressive unilateral cerebral atrophy 
can be recorded (65). 

With the advent of CT scan, hemiatrophy could be 
observed directly (77, 82, 83). In most cases, the process of 
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FIG. 6.17 Early Rasmussen's encephalitis. A. Sagittal spin-echo 
2400-100 image showing high-intensity signal from the premotor 
frontal region in a patient with a 6-month history of focal motor 
seizures. B. Coronal T1 image demonstrating minimal left hemi- 
spheric atrophy involving cortical, as well as subcortical white matter 
in another patient with Rasmussen's. Note involvement of the tem- 
poral and lateral horns. In addition, the hippocampus in the affected 
hemisphere is atrophic. 



atrophy begins in the temporal insular region and causes 
enlargement of the temporal horn and sylvian fissure. With the 
advent of MRI, better resolution and anatomic definition of 
this condition can be achieved. MRI is more sensitive than 
CT in detecting early changes (82-90). MRI examinations 
early in the condition may demonstrate high-intensity sig- 
nals from the cortex or minimal cortical atrophy (Fig. 6.17). 
This is related to gliosis and inflammation. With progression 
of the illness, hemiatrophy and increased T2 signal are 



observed from the cortical regions. The temporal horn can 
be enlarged, usually unilaterally, and progressive changes 
can be seen in the affected hemisphere. 

The hallmarks of the MRI findings in this condition are, 
however, the presence of progressive unilateral changes sim- 
ilar to those seen with pneumoencephalography (Fig. 6.18). 
In the last stages of the condition, massive unilateral ven- 
tricular enlargement with frank destruction of the cortical 
surface is observed (Fig. 6.19). We believe that, in the con- 
text of a classical clinical presentation (e.g. a child with 
epilepsia partialis continua and progressive hemiparesis), 
and in the presence of unilateral ventricular enlargement 
with cortical and white matter T2-weighted changes on 
MRI, a diagnosis of this condition can be made with cer- 
tainty. In addition, the absence of any other abnormality on 
MRI, such as a developmental malformation, which may 
occasionally present with the same symptomatology, con- 
firms the diagnosis. 

The use of a phase-mapping MR technique for detection 
of brain perfusion changes has been described in one patient 
with epilepsia partialis continua and may be another poten- 
tially interesting application of MR technique in this 
syndrome (92). In addition, MR spectroscopy can unequiv- 
ocally identify reductions in NAA in the affected hemisphere 
in a widespread fashion - something not seen in any other 
epileptic condition. Furthermore, MR spectroscopy can 
quantify progressive reductions in NAA, which again are the 
hallmark of this condition (93). 



Common Central Nervous System Infections and 
Epilepsy 



Central nervous system (CNS) infections are c 
and are notable for their diversity (94-98). Seizures in CNS 
infections are common and may occur in acute, subacute, 
and chronic meningitis and encephalitis diseases, as well as 
in patients with infectious occupying lesions. Many of these 
conditions, however, present with seizures during the acute 
phase of the illness, whereas chronic seizures, or epilepsy, 
may not occur in many patients. As with CT scanning, MRI 
has replaced any other imaging procedure in patients 
screened for possible CNS infection and inflammation. MRI 
can detect lesions and complications from infections such 
as ischemia, infarctions, hemorrhage, or extra-axial fluid 
collections. In this section we discuss the role of MRI in 
patients with CNS infections and the potential utility in the 
investigation of patients with seizures. 



Viral Infections 

Most viral infections of the CNS involve the meninges, as 
in aseptic meningitis, or may cause a mild clinical syndrome 
of meningoencephalitis (99). Viral infections of the CNS 
have a broad spectrum and range from benign conditions 
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FIG. 6.18 Rasmussen's encephalitis. Axial images through the brain in the same patient - a 4-year-old child with epilepsia partialis continua. 
Progressive changes were seen over a 16-month period after the onset of seizures, A. MR study performed at the onset of epilepsia partialis 
continua. No abnormalities were noted. Increased signal from the cerebrospinal fluid (CSF) and artifact is noted over the temporal regions. 
B. MRI carried out 6 months after seizure onset demonstrating right temporal horn and right lateral horn enlargement. CSF appears to be a little 
more prominent over the right hemisphere. Continued 



(aseptic meningitis) to the degenerative diseases of the CNS 
that are presumed to be of viral origin. It is estimated that 
the incidence of viral leptomeningitis with infection of the 
CNS is in the range of 60000 cases in the United States. The 
most common causes are herpes simplex virus (HSV) and 
rabies. In most viral infections the route of access is the 
hematogenous pathway. The neuronal and the olfactory 
routes of access are also implicated. 

Seizures are common in patients with herpes simplex 
encephalitis, occurring in approximately 40% of patients in 
the acute phase (94). The exact mechanism of epileptogenesis 
is not entirely clear. Some have suggested that HSV produces 
changes in excitatory neurons while others have reported 
changes in excitatory neurotransmitter glutamate release 
following infection. 

In general, the pathologic changes with viral encephalitis 
are those of neuronal degeneration and inflammation. There 



is often edema and hemorrhages, as well as necrosis, espe- 
cially with HSV. Pathologic studies in HSV encephalitis 
reveal inflammation, congestion, and hemorrhages on gross 
pathology. Microscopically there is capillary congestion and 
petechiae. Perivascular cuffing becomes prominent in the 
second and third week of infection. Glial nodules are also 
common. Necrosis and inflammation with diffuse perivas- 
cular mononuclear cell infiltrates become the more typical 
changes at a later stage. Intranuclear inclusions are also 
characteristic and may be present in 50% of patients. 

Diagnosis of herpes simplex encephalitis includes alter- 
ation in cognitive function, abnormal CSF findings, and 
absence of bacterial or fungal infection and focal abnormali- 
ties by either clinical, electrographic, or imaging studies. 
CSF studies should include polymerase-chain-reaction 
(PCR) analysis of the cerebrospinal fluid for viral DNA. 
PCR is positive within 24 hours after the onset of symptoms 
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FIG. 6.18 Cont. C. MR carried out 12 months after th 
16 months after the seizure onset. Note increased unilal 
anterior temporal region is secondary to a biopsy. 



initial symptoms. Note the increased size of the right ventricle. D. MRI performed 
ral ventricular dilatation and white matter changes. The increased signal from the left 



and remains positive during the first week of therapy. 
Comparisons of PCR of the cerebrospinal fluid with biopsy 
of the brain have revealed that PCR has a sensitivity of 98% 
and a specificity of 94-100% for detecting HSV DNA. 
Thus, the diagnostic power of PCR for HSV approximates 
that of temporal lobe biopsy. 

Computed tomography scanning was demonstrated to 
be useful in the detection of pathology in herpes (100). MRI 
has been demonstrated to be more sensitive in the detection 
of early changes in patients with HSV encephalitis than CT 
(94, 101-103). Studies have demonstrated areas of hyper- 
intensity in the temporal lobes with variable mass effect. 
Foci of subacute hemorrhage have also been noted and can 
be detected using spin-echo techniques. Diffusion-weighted 
MRI can detect early changes in HSV encephalitis but may 
not be distinct from ischemia. However, the clinical presen- 
tation should make the diagnosis possible. 



Imaging findings in patients with other types of acute 
viral infection, including cytomegalovirus, may show sub- 
cortical calcifications and hydrocephalus in patients who 
have acquired the disease in utero. Other forms of viral 
encephalitis may have nonspecific imaging findings during 
the acute phase. One of the rare forms is subacute sclerosing 
panencephalitis caused by measles virus. In this condition, 
the clinical, EEG, and immunologic investigations make the 
diagnosis, but MRI has demonstrated periventricular white 
matter lesions, as well as cortical atrophy in some patients. 
Lesions are usually bilateral and asymmetric. Other viral ill- 
nesses include Creutzfeldt-Jakob disease, acute disseminated 
encephalomyelitis, and other uncommon viral diseases. Most 
of these conditions, however, have other neurologic symp- 
toms and signs and chronic epilepsy, per se, does not appear 
to be an issue of importance in view of all the other neuro- 
logic deficits. 
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FIG. 6.19 Rasmussen's encephalitis. End-stage disease. Axial MRI 700/15 consecutive images. Note the extensive hemispheric atrophy and 
frank destruction of cortical and white matter. Massive ventricular dilatation is present. (Courtesy of Dr A. Abou-Khalil, Vanderbilt University, 
Nashville, TN.) 



Bacterial Infections 

Bacterial infections of the CNS are common, with 
approximately 25 000 cases of bacterial meningitis occur- 
ring annually in the United States. About 70% of cases occur 
in children less than 5 years of age with a relative frequency 
distribution dependent on age (95). Gram-negative bacilli, 
principally Escherichia coli and, less commonly, Pseudo- 
monas sp. and group B streptococci, are a major cause of 



this type of meningitis during the neonatal period. Haemo- 
philus influenzae and Neisseria meningitidis are the major 
causes among children beyond the age of 1 month. In adults, 
meningococci and pneumococci are the most common 
organisms. 

Seizures occur in up to 40% of children with acute bac- 
terial meningitis, usually during the first three days of illness 
(104, 105) Focal neurologic deficits may also occur and will 
depend on other related issues. Bacterial infections can 
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produce either abscess formation, which can be pathologi- 
cally described as a localized, yet poorly demarcated area of 
parenchymal softening with necrosis and vascular conges- 
tion, and perivascular inflammation. 

Spin-echo MR images may show early changes as areas 
of increased signal intensity surrounded by edema (105). On 
short TI images these areas become isointense or slightly 
hypointense to normal brain parenchyma. Gadolinium 
enhancement, in general, is minimum at that stage. When 
the focus of cerebritis progresses to abscess formation then 
necrosis will occur in the center of the lesion (Fig. 6.20). At 
that point, imaging studies will show a well defined lesion 
that is encircled by a capsule. The center of the lesion is 
usually localized near the gray-white matter junction in the 
distribution of the anterior or middle cerebral artery, most 
commonly in the frontal and parietal lobes. Cerebellar 
abscesses are less common. 

On MR images, the signal intensity from the center of the 
abscess is usually related to necrosis, with decreased signal 
compared to the brain parenchyma around it. The capsule, in 
general, has a higher-intensity signal. The signal intensity 
from the capsule has been attributed to hemorrhage or colla- 
gen, or perhaps to paramagnetic substances related to fibro- 
cytosis from macrophages. Ring enhancement of the abscess 
occurs with gadolinium. Figure 6.20 demonstrates a bac- 
terial abscess with pre- and postcontrast enhancement. 

The detection of postabscess lesions in patients with 
intractable partial seizures is of great importance. MRI can 
accurately demonstrate the location and extension of the 
cavity that usually results after the acute treatment of these 
conditions. As demonstrated in Figure 6.21, the location of 
these lesions is variable and may extend with evidence of 
cortical as well as subcortical destruction. The lesions can be 
well defined and amenable to surgical resection (Fig. 6.22). 

Septic emboli are a possible complication of acute bac- 
terial infections. In general, this complication is more com- 
mon in intravenous drug abusers, patients with bacterial 
endocarditis, or young patients with cyanotic congenital 
heart diseases. In most cases, the septic emboli will result in 
infarctions that have very similar characteristics on MRI to 
those seen in patients without infections, especially if they 
involve major cerebral arteries. Multiple small lesions may 
be seen in some patients with mycotic aneurysms and tend 
to be localized to the gray-white matter junction. 

Extra-axial lesions, such as subdural or epidural collec- 
tions, may also occur in patients with CNS bacterial infec- 
tions. These will not be discussed further because they are 
usually associated with acute illnesses and usually have little 
relevance to patients with chronic epilepsy. 

Tuberculosis 

Tuberculosis of the CNS is not uncommonly associated 
with seizures (106, 107). The frequency of CNS tuberculosis, 
especially in other countries than the United States, is sig- 
nificant. In the acute phase, tuberculous meningitis may 




FIG. 6.20 Bacterial abscess. A. Axial MRI demonstrating a left 
parietal mass lesion with surrounding edema and mild hyperintense 
rim and hypointensity. B. Postcontrast scan showing marked ring 
enhancement. 



present with seizures in up to 20% of children and 15% of 
adults. Seizures may correlate with the presence of a focal 
lesion such as a granuloma or tuberculoma. MRI can 
demonstrate distention of the subarachnoid space, which 
can be seen in patients with early tuberculous meningitis. 
Basilar enhancement with contrast can be seen and is attrib- 
uted to meningeal inflammation. 

Tuberculomas can be located anywhere in the cerebral 
hemispheres or cerebellum. In addition, there may be 
subarachnoid, subdural, or epidural involvement. Intrapare- 
nchymal granulomas are located at the gray-white matter 
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FIG. 6.21 Postabscess cavity with extensive gliosis in a patient with 
intractable partial seizures. A. T2-weighted images showing gliosis 
around the cavity. B. T1 -weighted axial image showing the cavity 
following surgical intervention. 

junction, usually in the periventricular regions. Edema is usu- 
ally minimal when compared with a bacterial abscess. In most 
cases, tuberculomas have a isointense signal intensity on short 
T R images, although signal hyperintensity on long spin-echo 
sequences may be observed (Fig. 6.23). This may be related 
to the histologic characteristics of the tuberculoma. In the 
acute phase, intravenous gadolinium will usually demonstrate 
intense nodular or ring-like enhancement. Central caseation 



FIG. 6.22 Frontal lobe epilepsy. A, B. MRI images of the residual 
cavity with smooth walls following dental infection with a secondary 
brain a 



necrosis usually is seen as hypointense or isointense on all 
sequences. Early complications, such as infarctions, may be 
detected better with MRI. Calcifications, which are uncom- 
mon, may be detected with the use of special techniques (108). 



Fungal Infections 

Fungal infections may present as space-occupying lesions 
and may include infections such as aspergillosis, mucor- 
mycosis, candidiasis, and cryptococcosis. These conditions 
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FIG. 6.23 Tuberculoma. A. T1 -weighted coronal image showing two hyperintense rims relative to gray matter with hypointense rim (short arrow) 
and central hypointensity in the frontal lobe. B. T2-weighted axial image showing heterogeneous intensity with hypointensity foci in the mass with 
edema. C. Gadolinium-enhanced coronal image showing multiple ring enhancement areas with hyperintense/hypointense rims. (With permission 
from Kim etal.1995. 123 ) 



are very rare and seldom present with chronic epilepsy with- 
out other stigmata of the disease. We will not therefore 
discuss them. 



Parasitic Infections 

Toxoplasmosis is a relatively common infection (74, 
97, 109). It is usually benign and usually produces lym- 
phadenopathy with or without fever. In immunocompromised 
patients, however, it can cause diffuse focal encephalitis. The 
congenital form produces severe brain injury with diffuse 
focal lesions. Often this will result in focal calcifications in 
young children. In immunocompromised patients, especially 
those with AIDS, toxoplasmosis usually presents with multi- 
ple lesions. The lesions can be located in the subcortical as 
well as the cortical regions. A distinctive feature is the 
absence of a capsule. MRI is more sensitive than CT scanning 
in detecting the presence of new and old lesions. On long 
spin-echo techniques, the lesions have variable intensity. 
They may be hyper-, iso- or hypointense and may be seen as 
multiple foci. Enhancement with gadolinium produces typi- 
cal ring or nodular hyperintensity in active lesions. 

Most of the Toxoplasma lesions are subcortical and, if 
located in the cerebral hemispheres, are localized to the 
gray-white matter junction. These lesions are uncommon as 
the cause of chronic epilepsy and will not be discussed further. 



Helminthic Infections 

More than 20 species of helminth can invade or involve the 
CNS. These include cestodes (cysticercosis, coenurosis, cys- 
tic hydatid disease, and sparganosis), nematodes (eosinophilic 
meningitis, trichinosis, strongyloidiasis) and trematodes 
(schistosomiasis, paragonimiasis). These diseases are com- 
mon in certain regions and may be an important cause of 
epilepsy in some countries, especially in Latin America 
(110-115). In fact, a recent study indicates that cysticercosis 
is the most common cause of epilepsy in Peru and has been 



recognized as the major cause of seizures in endemic areas of 
Brazil and Mexico (111). When the eggs of Taenia solium are 
ingested by humans, they hatch in the intestine, where the 
primary larvae are formed. This larva penetrates the intestinal 
mucosa and then spread through the blood to different sys- 
tems, including the brain. 

Neurocysticercosis develops when the larva develops 
within the brain. Neurocysticercosis can be localized in the 
CNS in different regions including the brain parenchyma, 
meninges, and intraventricular space, and may have more 
than one location in some patients. The cysticercus is a vesic- 
ular larva, usually measuring between 5 and 20 mm in diam- 
eter. When the larvae is alive, the cyst formation is clear, but 
when the larvae dies the cyst becomes turbid and gelatinous. 




FIG. 6.24 Cysticercosis. CT scan demonstrating a small, low-density 
cystic lesion in the frontal lobe without edema. This image is typical of 
a living cysticercus. (With permission from Garcia and Brutto, 2003. 124 ) 



216 / Chapter 6 





FIG. 6.25 A. Cysticercosis. MRI scan without contrast demonstrates 
a few small, low-density cystic lesions in the frontal lobe with mild 
edema. B. Intraventricular and parenchymal cysticercosis. Fluid- 
attenuated inversion recovery (FLAIR) images show high-intensity 
signal from a cyst representing a scolex. (With permission from 
Garcia and Brutto, 2003. 124 ) 



FIG. 6.26. Cysticercosis. T1 -weighted with gadolinium. Multiple 
cysts are observed through the brain with different characteristics. 
The scolex is visualized in some cysts. (With permission from Garcia 
and Brutto, 2003. 124 ) 



The location of the lesion is variable. In a recent study, 
54% of patients were found to have intraventricular cysts 
without associated parenchymal cysts. Parenchymal cysts 
were seen in 69% of patients and usually involved the 
gray-white matter junction (Fig. 6.24) and could be detected 
using CT. Fewer than 50% of patients present with 
parenchyma cysts alone: the rest will have a combination 
of intraventricular and parenchymal cysts, which can be 
readily detected with MRI (Fig. 6.25). 

Using MRI, the changes due to cyst degeneration 
become very clear (110, 114, 1 16-119). With degeneration, 
the increased signal intensity of the fluid on Tl- and proton- 
density-weighted sequences can be seen. This is related to 
Tl shortening the effects of increased protein solution. 
Contrast enhancement with gadolinium has been used 
but has been found to be only relatively informative. Chang 
et al. (120) found that enhancement usually occurred in 
patients in whom the precontrast MRI findings had showed 
active inflammation secondary to cyst degeneration. In only 
a minority of cases was there any enhancement in patients 
who had no degeneration (120) (Fig. 6.26). 

Magnetic resonance imaging studies have also been car- 
ried out in patients pharmacologically treated for neurocysti- 
cercosis (121). Increases in signal intensity and appearance of 
edema are usually observed as early as 24 hours following 
treatment. These changes are related to gradual cyst degen- 
eration. Cysts also appear to have a variable response to the 
drug in their rate of disappearance. MRI with conventional 
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imaging sequences may be less sensitive than CT scan in the 
detection of calcification in cysticercosis. However, using 
appropriate sequences, microcalcifications can be detected. 

Other helminthic infections, such as echinococcosis, are 
less common as the cause of chronic intractable epilepsy (122). 
Echinococcosis may present with large brain cysts that are 
not associated with edema or ring enhancement. Multiple 
cysts can occur and usually the presence of these abnormal- 
ities on CT or MRI is pathognomonic of this condition. 

The remaining infections are extremely rare and will not 
be discussed further since they do not present a common 
cause of intractable epilepsy. 



SUMMARY 

Magnetic resonance imaging is valuable in the study of 
specific disorders associated with epilepsy. It is important to 
recognize some of the typical imaging findings in these 
patients since proper diagnosis will result in adequate treat- 
ment. For example, evidence of progressive unilateral MRI 
hemispheric atrophy in a patient with epilepsia partialis 
continua and progressive hemiparesis, is almost always 
associated with Rasmussen's encephalitis. Knowledge of the 
MRI features may avoid biopsies and other unnecessary 
diagnostic procedures in these patients. 

Vascular injuries and developmental malformations are 
an important cause of chronic epilepsy. Detection of these 
lesions is important not only because it may be crucial for 
surgical intervention but because the surgical outcome may 
in part be related to the presence of pathology and the extent 
of viable resection. MRI can provide much of this informa- 
tion in many patients. 

Finally, detection of specific pathologic entities is import- 
ant in patients with seizures and in those with medically 
intractable epilepsy. Evidence of extensive injury by MRI 
(atrophy, white matter changes, diffuse encephalomalacia) 
may be important for surgical planning and for overall 
outcome. Similarly, as with hypothalamic hamartomas, 
detecting a lesion should give pause to those attending to 
patients with epilepsy: the lesion is linked to the epilepsy 
until proved otherwise. 
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CHAPTER 7 



Malformations of Cortical Development 



A. James Barkovich 



PRINCIPLES OF NORMAL CEREBRAL 
CORTICAL DEVELOPMENT 

The development of the cerebral cortex is an extraordin- 
arily complex process (1). There are many steps that are 
sequential in nature and necessary for the normal develop- 
ment of the cerebral cortex. In many ways we wonder how 
is it possible not to have more malformations or misdevel- 
opment, given the many mechanisms and factors involved. 
The developmental process is summarized in Box 7.1. 

The formation of the cortex begins with the appearance of 
the neural plate at around 18 days of gestation. Two days later, 
one can distinguish the three major divisions of the brain. 
Differentiation of the cerebral vesicles occurs at about day 33 
of gestation. The hemispheres begin as a single layer of 
columnar epithelium. Once patterning has been established, 
one of the most critical processes of cortical development 
begins in the ventricular zone - proliferation of precursor cells 
that will eventually populate the cerebral cortex. Box 7.2 depicts 
the different stages of cortical cell population. 

Cerebral cortical development consists of three major 
processes: cell proliferation, neuronal migration, and corti- 
cal organization. 

Cell proliferation is the process that takes place in the 
germinal zones of the developing prosencephalon. Prior to 



BOX 7.1. Development of the Cerebral Cortex 



• A stepwise process 

• Some steps are sequential, some simultaneous 

• Specific genes regulate specific steps 

• Genes act cell-autonomously or as extrinsic signals 



neurogenesis, the pool of progenitor cells is expanded 
through a series of cell divisions in which both daughter 
cells re-enter the cell cycle as progenitors. Eventually, under 
the influence of signals that are not yet known, asymmetric 
division begins and gradually increases in proportion to 
symmetric division; neuroblasts (predominantly) and glial 
precursors are generated. 

Neuronal migration requires the migrating neuroblasts to 
attach to radial glial cells that span the developing hemi- 
sphere from the germinal zone to the pia, migrate along the 
radial glial cells, and detach when they reach the proper 
layer of the developing cerebral cortex. 

A number of proteins have been identified that play 
important roles in these steps, including filamin 1, which 
encodes an actin cross-linking phosphoprotein, which trans- 
duces ligand-receptor interactions on the cell surface to actin 
reorganization in the cytoskeleton. Such actin cross-linking 
plays an essential role in the locomotion of many cell types, 
such as migrating neurons. Without actin cross-linking, 
the growth cones of migrating neuroblasts cannot be extended 
along radial glia cells and neuronal migration cannot be 
initiated (2, 3). 



BOX 7.2. Different Stages of Cortical Cell Populations 



• Specification of neural epithelium 

• Patterning 

• Proliferation 
■ Identity 

• Migration-axon outgrowth, transmitter type 

• Differentiation 

• Adult function 
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The LIS1 and doublecortin (DCX, XLIS) genes produce 
proteins that are postulated to have a role in the migration of 
the neuroblast along the radial glial cell. Depending on the 
gene and the type of mutation, the result may be pachygyria, 
lissencephaly, or band heterotopia (3). The topography of 
the malformation differs depending upon the affected gene (4), 
suggesting that the gene products differ either in function or 
location. Two other molecules, neureglin and astrotactin, 
have been identified as regulating the interactions between 
the migrating neuroblasts and the radial glial cells (5) in ani- 
mal models. The effects of their mutations in humans have 
not been identified. Termination of neuroblast migration has 
been linked to the extracellular protein reelin and the 
cytoplasmic protein Mdabl, which is believed to transduce 
signals generated by putative reelin receptors ApoEr2 and 
VLDLr. 

The mechanisms of cell migration and formation of the 
cortex are important in the conceptualization of the changes 
occurring during migration. The first wave of cells create an 
intermediate zone. Thereafter, these cells migrate further into 
the marginal zone to form the preplate. The second wave is a 
large one and begins in the 10-1 1th week. These waves end 
by the 16th week, when most cells have migrated. These cells 
form the vast majority of layers 2-6 of the cortex. Radial and 
non-radial migration takes place during this stage. By week 
22, distinctive layers can be visualized (Fig. 7.1). 

The molecular mechanisms involved in cortical organ- 
ization are those of neurite extension, synaptogenesis, and 
neuronal maturation. The molecular mechanisms of these 
steps are slowly being elucidated. 



As the separation of cortical development into stages of 
proliferation, migration and cortical organization forms a 
conceptual framework for genetic study (6) and pathologic 
analysis of cortical malformations, it seems logical to use this 
method as the primary feature by which to classify malfor- 
mations based on neuroimaging features. Secondary features, 
based on topology, characteristics of white matter, known 
associated histologic characteristics, or associated cerebellar 
malformations, can then be used for further classification into 
more distinct categories. The classification is based on the 
stages of proliferation, migration, and organization (Box 7.3). 



IMAGING OF MALFORMATIONS OF CEREBRAL 
CORTICAL DEVELOPMENT 

Introduction 

Malformations of cerebral cortical development are 
being discovered with increasingly greater frequency on 
imaging examinations of children with developmental delay 
and patients with epilepsy. Several studies have now shown 
that malformations of cortical development are the cause of 
23-26% of intractable epilepsies in children and young 
adults (1,2, 3-5), indicating that cortical malformations must 
be ruled out in essentially every pediatric patient with devel- 
opmental delay or epilepsy. In addition, the fact that many 
malformations of cortical development are caused by chromo- 
somal mutations (6-9) emphasizes the importance of coun- 
seling of parents of affected children. 




FIG. 7.1. Representation of the cellular stages of the cerebral cortex during development. (Courtesy of Dr C. Walsh, Boston, MA.) 
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BOX 7.3. Classification Scheme for Cortical 

Malformations 



I. Malformations due to abnormal neuronal and glial proliferation 
or apoptosis 

A. Decreased proliferation/increased apoptosis - 

1. Microcephaly with normal to thin cortex 

2. Microlissencephaly (extreme microcephaly with thick 

3. Microcephaly with polymicrogyria/cortical dysplasia 

B. Increased proliferation/decreased apoptosis (normal cell 
types) - megalencephalies 

C. Abnormal proliferation (abnormal cell types) 

1. Non-neoplastic 

a. Tuberous sclerosis 

b. Cortical dysplasia with balloon cells 

c. Hemimegalencephaly (HMEG) 

2. Neoplastic (associated with disordered cortex) 

a. DNET (dysembryoplastic neuroepithelial tumor) 

b. Ganglioglioma 

c. Gangliocytoma 

II. Malformations due to abnormal neuronal migration 

A. Lissencephaly/subcortical band heterotopia spectrum 

B. Cobblestone complex 

1 . Congenital muscular dystrophy syndromes 

2. Syndromes with no involvment of muscle 

C. Heterotopia 

1 . Subependymal (periventricular) 

2. Subcortical (other than band heterotopia) 

3. Marginal glioneuronal 

III. Malformations due to abnormal cortical organization 
(including late neuronal migration) 

A. Polymicrogyria and schizencephaly 

1. Bilateral poly microglia syndromes 

2. Selii/c'iecphali (polymicrogyria with clefts) 

3. Polymicrogyria with oilier brain malformations or 
abnormalities 

4. Polymicrogyria or schizencephaly as part of 
multiple congenita! anomaly/mental retardation 
syndromes 

B. Cortical dysplasia without balloon cells 

C. Microdysgenesis 

IV. Malformations of cortical development, not otherwise 
classified 

A. Malformations secondary to inborn errors of 
metabolism 

1. Mitochondrial and pyruvate metabolic disorders 

2. Peroxisomal disorders 

B. Other unclassified malformations 

1 . Sublobar dysplasia 

2. Others 



As malformations of cortical development generally 
cause neocortical epilepsy, this chapter will start with a gen- 
eral discussion of imaging techniques in the assessment of 
patients with neocortical epilepsy. A discussion of specific 
malformations and their imaging characteristics will follow. 
As this title focuses on epilepsy, the chapter will omit dis- 
cussion of complex syndromes that have cortical malfor- 
mations as a component and focus on the malformations 
themselves. 



Imaging Techniques 

Proper imaging technique and a high index of suspicion 
are crucial for the identification of cortical malformations. 
MR is the initial imaging study of choice, as its high contrast 
resolution allows a much better analysis of the cerebral cortex 
than any other neuroimaging technique. Computed tomogra- 
phy (CT) misses cortical malformations in more than 30% of 
affected patients (10). If a cortical malformation is suspected to 
be the cause of epilepsy, the MR protocol should include: 

• Tl -weighted volumetric 3DFT spoiled gradient-echo 
sequences using 1 .0 or 1 .5 mm partition size (and 
reformatting in three orthogonal planes (11)) and 

• T2-weighted 3DFSE volumetric acquisition (using 

1 .5 mm partition size and multiplanar reformation) or 
2-3 mm spin-echo or fast spin-echo sequences in two 
planes (usually axial and coronal). 

As subtle white matter abnormalities may give important 
clues to the presence of the cortical malformation (espe- 
cially in focal balloon cell dysplasias), it is important to 
obtain a proton-density-weighted or a fluid-attenuated inver- 
sion recovery (FLAIR) sequence. These sequences, obtained 
using a standard quadrature head coil, are adequate in the 
vast majority of patients with macroscopic malformations of 
cortical development. If the malformation is small or subtle, 
imaging of the cortex using phased array surface coils dra- 
matically improves the sensitivity of MR imaging, as it 
allows very high-resolution images to be obtained while 
maintaining high signal-to-noise (12). Advanced quantifica- 
tion techniques are discussed in Chapter 8. 

Other MR techniques may be useful occasionally. Some 
evidence has been presented that proton MR spectroscopic 
imaging may be useful in localization of epileptogenic 
foci (13-15), although this technique is still at an early stage 
of development. Woermann etal. have shown abnormal meta- 
bolite levels in nearly 90% of patients with malformations of 
cortical development; however, the abnormalities were incon- 
sistent, with the metabolite levels varying among patients (15). 
Li et al. have shown that the NAA:Cr ratio is reduced in 
malformations secondary to abnormal stem cell formation 
(in which the neurons are dysplastic), is variably normal or 
reduced in heterotopic gray matter (in which neurons are of 
variable maturity and have variably reduced synapses), and 
is normal in polymicrogyria (in which the neurons are 
mature) (16). This suggests that the low NAA values present 
in some cortical malformations result from dysplastic or 
immature neurons in the malformation. 

Another MR technique, diffusion tensor imaging, has 
been used to show the presence of increased water motion in 
white matter underlying the cortical malformation and 
decreased anisotropy of the white matter compared with the 
same area of the brain in age-matched controls (17, 18). 
Although neither the diffusion changes nor the spectro- 
scopic changes are specific for malformations of cortical 
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development, they may be useful in localizing the region 
of abnormality such that reinvestigation with MR imaging 
(perhaps with surface coils) might better locate the lesion. 

When the MR imaging study is normal in patients with 
electrically well defined epileptogenic foci, single-photon- 
emission CT (SPECT, Chapter 14) and positron-emission 
tomography (PET, Chapter 15) may be helpful in localizing 
very small foci of cortical dysplasia (19-24) and for focus- 
ing attention on specific parts of the brain for more detailed 
analysis on MR. In general, the PET studies use 18 F-fluoro- 
deoxyglucose or n C-flumazenil and the SPECT studies use 
99m Tc-HMPAO or 123 I-iodoamphetamine. 

I8 F-fluorodeoxy glucose PET shows decreased uptake in 
regions of dysplastic cortex; the sensitivity and specificity 
for frontal lobe lesions can be improved dramatically (from 
50% to >90%) when quantitative analysis with a region of 
interest template is used (9). n C flumazenil PET shows 
changes in gamma-amino butyric acid (GABA) A /benzodi- 
azepine receptor binding; decreased "C flumazenil binding 
has been observed in patients with focal cortical dysgenesis 
(20); up to 72% of patients with partial epilepsy and normal 
conventional MR imaging studies have abnormalities on 
these studies (25). Ictal SPECT may be sensitive to extra- 
temporal foci of cortical dysplasia, especially in the frontal 
lobes (24, 26, 27). The timing of radionuclide injection is 
critical in ictal SPECT because variable and evolving pat- 
terns of perfusion may make localization much more diffi- 
cult if the isotope is not administered as closely as possible 
to the time of seizure onset. Postictal studies are not reliable 
in localizing extratemporal foci (27). 

Another compound, n C methionine, has also been shown 
to be useful in the detection of small cortical dysplasias by 
PET (28, 29). Increased uptake is seen in the dysplasia. The 
mechanism by which the n C methionine is concentrated in 
the area of the dysplasia is not known. As with I8 FDG PET, 
1 'C methionine PET is nonspecific and can be concentrated 
by tumors and abscesses as well as dysplasias. 

Overall, however, MR imaging is the cornerstone of the 
imaging evaluation of malformations of cortical develop- 
ment (26). Even if the epileptogenic focus is identified by 
another technique, the focus must always be co-registered 
with an MR image before any intervention is planned. 
Therefore, this section will deal primarily with MR imaging. 



MALFORMATIONS OF CORTICAL 
DEVELOPMENT 

Malformations of cortical development are divided into 
three categories based upon the step at which cortical devel- 
opment was probably first disturbed: 

• abnormal proliferation/apoptosis 

• abnormal neuronal migration 

• abnormal late migration/cortical organization (30). 



They will be presented in this order. It should be noted 
that many malformations result from disturbance of more 
than one stage of development; these malformations are clas- 
sified according to the first step that is disturbed. Although 
from an imaging perspective, the malformations of cortical 
developments can be divided into three major groups, there 
are a number of malformations that are yet to be classified 
appropriately and have been classified under a fourth group 
under the present classification scheme (see Box 7.3). It is 
clear that changes will occur in the coming years and that 
this classification will change to some degree. 



Malformations Secondary to Abnormal Stem Cell 
Formation 

Microcephaly with Simplified Gyral Pattern 

Microcephaly with simplified gyral pattern (MSG) is the 
term that has been proposed to describe malformations in 
which children are born with a head circumferences of 3 or 
more SD below the norm and their imaging studies show too 
few gyri and abnormally shallow sulci (less than half the 
depth of normal sulci), and usually reduced volume of white 
matter (31, 32). It is postulated that children with MSG are 
microcephalic because of reduced proliferation of neurons 
and glia in the germinal zones; some cases may result from 
intrauterine injury or infection. 

Affected patients are subdivided into six groups based upon 
the neonatal course and the neuroimaging findings; groups 
5 and 6 are sometimes called microlissencephaly. The details 
of these groups are beyond the scope of this chapter. Most of 
the groups are characterized by neonatal encephalopathy and 
generalized seizures either during the neonatal period or in 
early infancy (31, 32). Imaging studies show a very small brain 
compared to head size on sagittal images. Axial images show 
sulci that are too few and too shallow (Fig. 7.2). 



Focal Cortical Dysplasia with Balloon Cells 
(Focal Transmantle Dysplasia) 

Although the term focal cortical dysplasia has been in use 
for many years, it has become evident that some dysplasias 
are composed only of dysplastic neurons, whereas others are 
composed of dysplastic neurons and large abnormal cells 
with large nuclei and abundant eosinophilic cytoplasm; the 
latter cells are called balloon cells. Balloon cell dysplasias 
are characterized by the presence of abnormal cells from the 
wall of the lateral ventricle to the cortex; this transmantle 
extent, which is usually visible on MR imaging studies, has 
resulted in the use of the term 'transmantle dysplasia' for 
these malformations (33). This malformation is also some- 
times called 'forme fruste tuberous sclerosis' because iden- 
tical histologic findings are seen in the cortical hamartomas 
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FIG. 7.2. Microcephaly with simplified gyral pattern. A. Sagittal 
T1 -weighted image shows that the brain is much too small compared 
with the head size. B. Axial T1 -weighted image shows that sulci are 
too tew and too shallow. 



of patients with tuberous sclerosis (34); therefore, all patients 
with radiologic or histologic findings of this malformation 
should be seen by a geneticist or child neurologist in 
order to be screened (skin, kidneys, heart, etc.) for tuberous 
sclerosis. 

The presenting signs and symptoms of affected patients 
depend upon the size and location of the malformation. 



When large regions of cortex are involved, patients may 
have motor (if precentral involvement) or sensory (if post- 
central) disturbances. When only small regions of cortex are 
involved, affected patients may have normal neurologic 
examinations (33). Almost all affected patients have partial 
epilepsy, which typically becomes clinically apparent dur- 
ing the first decade of life, sometimes as early as the first 
few days of life (33). Most of these patients have epilepsy 
that is highly refractory to medication, secondary to the high 
intrinsic epileptogenicity of these lesions (35). Therefore, 
many such patients require surgical resection of the dyspla- 
sia if the epileptogenic focus can be found. 

Magnetic resonance imaging studies have a characteristic 
appearance (33, 36-38). When the involved region of brain is 
large, the cortical gyral pattern will be abnormal, with broad 
gyri and large, irregular sulci (Fig. 7.3). Abnormal hetero- 
geneous signal intensity extends radially inward from the 
cortex to the ventricular surface. The region of abnormal 
signal intensity contains some portions isointense to gray 
matter and other areas isointense to white matter; some 
patients have regions of abnormal hyperintensity, probably 
representing dysplastic white matter. The cortical-white 
matter junction is typically indistinct. 




FIG. 7.3. Large transmantle dysplasia. Axial T2-weighted image 
showing thickened cortex (arrows) and an abnormal gyral pattern in 
the left perisylvian region. Reduced volume of white matter is seen 
beneath the abnormal cortex. Abnormal tissue is seen from the pia 
to the ependyma. 
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FIG. 7.4. Small transmantle dysplasia. Axial first-echo T2-weighted 
image showing focal cortical hyperintensity with a cone of abnormal 
hyperintensity (arrows) extending from the depth of the affected 
sulcus to the ventricular margin. 



Smaller areas are much more difficult to detect. Most 
typically, one sees smaller lesions, with linear or curvilinear 
hyperintensity (relative to mature white matter), extending 
from the cortical-white matter junction to the ventricular 
surface (Fig. 7.4). Some of the affected cortex may also be 
hyperintense and, on occasion, T2 hyperintensity is seen 
extending for several millimeters along the cortical-white 
matter junction on one or both sides of the tract from the 
cortex to the ventricle; this is most easily seen if FLAIR 
is used and the proper imaging plane is chosen. The 
cortical-white matter junction will typically be blurred on 
high-resolution imaging. In neonates and infants, the tract 
extending from the cortex to the ventricle will look hyper- 
intense on Tl-weighted images and hypointense on T2- 
weighted images (Fig. 7.5). The relative intensity of the tract 
compared to the surrounding white matter gradually 
changes as the white matter matures. The use of phased- 
array surface coil imaging may be useful in detecting the 
smaller, more subtle foci (12, 33). 

The few reports of proton MR spectroscopy in trans- 
mantle dysplasias suggest that there is a significant reduc- 
tion of the NAA:Cr ratio compared with normal controls 
and with normal areas in the affected brain (13, 16). 



FIG. 7.5. Small transmantle dysplasia in an infant. Coronal 
T1 -weighted (A) and T2-weighted (B) images show a cone-shaped 
area of hyper- (A) and hypointensity (B) (arrows) extending from the 
depth of the affected sulcus to the ventricular margin. 



Tuberous Sclerosis 

Tuberous sclerosis is an autosomal dominant genetic dis- 
ease that involves multiple organ systems. Mutations of two 
separate genes have been found to cause this disorder. The 
TSC1 gene is localized to chromosome 9q34 (39, 40) and codes 
for a protein called hamartin, while the TSC2 gene has been 
localized to chromosome 16pl3.3 (41, 42) and codes for a 
protein called tuberin. Hamartin and tuberin interact physi- 
cally in vivo, a fact that clarifies how mutations in two 
different genes result in the common phenotype (43, 44). 
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It appears that mutations of these two genes make up the vast 
majority of, if not all, cases of tuberous sclerosis (45-47). 

Mutations of TSC1 have been identified in relatively few 
(13-18%) patients. They are somewhat more common 
(15-50%) in familial cases than in sporadic cases (47). Few 
differences in the clinical phenotype have yet been noted in 
patients with one mutation as compared with the other (48). 
The new mutation rate is high; however, before concluding 
that an affected child is a new mutation, it is necessary to 
examine both parents thoroughly, including ultraviolet light 
examination, neuroimaging and, if possible, chromosomal 
analysis from multiple tissues, including germ cells (49, 50). 
A 2-3% risk of recurrence in future pregnancies remains 
even if both parents seem unaffected (49, 50). 

Classically, tuberous sclerosis was characterized by the 
clinical triad of mental retardation, epilepsy, and characteris- 
tic skin lesions known as adenoma sebaceum (51). Recent 
experience has shown that half of affected patients have nor- 
mal intelligence, only 75% have epilepsy, and almost any organ 
of the body can be affected (52). As a result, more sophisti- 
cated criteria for clinical diagnosis of the disorder have been 
established and are listed in Box 7.4. Increasing awareness of 
the condition and use of the new diagnostic criteria have 
resulted in a revision of the estimated incidence from approxi- 
mately 1 in 100000 patients (53) to 1 in 6000 live births 
(5 1 , 54). No racial or sexual predilection has been detected. 

Infantile spasms or myoclonic seizures that begin in 
infancy or early childhood are the presenting symptom of 
tuberous sclerosis in approximately 80% of patients. The 
infantile spasms evolve into other seizure types, most com- 
monly symptomatic generalized epilepsy (=60%), partial 
epilepsy (=20%) or a mixture of partial and generalized 
epilepsy (=20%) (56). Affected patients can have nearly any 
type of seizure; therefore, the diagnosis of tuberous sclero- 
sis should be considered in any child with epilepsy. 

The incidence of cognitive impairment ranges from 45% 
to 82%; most recent publications suggest that the lower num- 
ber is more accurate (51, 57). Among cognitively impaired 
patients, approximately two-thirds will be moderately to 
severely impaired and one-third only mildly to moderately 
affected. Patients with more than 10 cortical tubers seem to 
have a higher incidence of impaired cognition but this may be 
related to the higher incidence of epilepsy in this group (58). 
Patients who manifest seizures before the age of 5 are more 
likely to have cognitive impairment than those who develop 
seizures at a later age (51, 59). 



Neuroimaging of Tuberous Sclerosis 

On neuroimaging studies, three specific types of lesion 
are seen in patients with tuberous sclerosis: subependymal 
hamartomas, cortical/subcortical hamartomas, and subependy- 
mal giant cell tumors (60). 

The subependymal hamartomas are typically small 
lesions that lie along the walls of the lateral ventricles, 



BOX 7.4. Diagnostic Criteria for Tuberous Sclerosis 
Complex 



MAJOR FEATURES 

• Facial angiofibromas or forehead plaque 

• Nontraumatic ungual or periungual fibromas 

• Hypomelanotic macules (more than three) 

• Shagreen patch (connective tissue nevus) 

• Multiple retinal nodular hamartomas 

• Cortical tuber* 

• Subependymal nodule 

• Subependymal giant cell astrocytoma 

• Cardiac rhabdomyoma, single or multiple 

• Lymphangioleiomyomatosis 1 

• Renal angiomyolipoma t 

MINOR FEATURES 

• Multiple randomly distributed enamel pits in dental 
enamel 

• Hamartomatous rectal polyps* 

• Bone cysts§ 

• Affected first-degree relative 

• Cerebral white matter radial migration lines*^ 

• Gingival fibromas 

• Nonrenal hamartoma* 

• Retinal achromic patch 

• 'Confetti' skin lesions 

• Multiple renal cysts* 

Definite tuberous sclerosis complex - Either two 

major features, or one major plus two minor 

features 
Probable tuberous sclerosis complex - One major 

plus one minor feature 
Possible TSC - Either one major feature or two or more 

minor features 



•When cerebral cortical dysplasia and cerebral white matter migration 

tracts occur together, they should be counted as one rather than two 

features of tuberous sclerosis. 

tWhen both lymphangioleiomyomatosis and renal angiomyolipomas are 

present, other features of tuberous sclerosis should be present before a 

definite diagnosis is assigned. 

♦Histologic confirmation is suggested. 

^Radiologic confirmation is sufficient. 

From Roach era/., 1998 (55) 



sometimes involving the walls of the third or fourth ven- 
tricles. Although the regions of ventricular wall around the 
foramina of Monroe are the most common sites, subependy- 
mal hamartomas can be seen in any part of the lateral ven- 
tricles, including the frontal horns, occipital horns, and 
temporal horns. They most commonly have an elliptical shape 
with the long axis of the ellipse being perpendicular to the 
long axis of the lateral ventricle. 

Their appearance on neuroimaging studies varies with the 
age of the patient. In infants, subependymal hamartomas can 
be detected by ultrasonography, CT, or MR. Ultrasound shows 
the lesions as elliptical regions of hyperechogenicity that 
protrude into the lateral ventricles. They are more difficult to 
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detect on CT in infants than in older children and adults, 
as they are not yet calcified. However, they can be seen 
on good-quality studies as elliptical lesions originating in 
the ventricular wall and protruding into the ventricular 
lumen. Administration of iodinated contrast shows variable 
enhancement. 

Magnetic resonance imaging is the study of choice for 
the identification of subependymal hamartomas in neonates 
and infants, showing elliptical lesions that demonstrate short 
Tl and T2 relaxation times compared with the surrounding 
unmyelinated brain parenchyma (60, 61). Care should be 
taken not to misdiagnose these as small subependymal hem- 
orrhages. Gradient-echo scans or CT will help to make this 
distinction, if necessary, as the hamartomas are isodense to 
surrounding brain parenchyma on CT (in contrast to hyper- 
density of blood) and do not show any 'blooming' (apparent 
increase of size) on gradient echo images. 

In older children and adults, the nodules change in their 
appearance. On CT, they become easier to see as they cal- 
cify; the number of calcified nodules increases with the 
increasing age of the patient (57). On MR, the white matter 
becomes isointense to the subependymal nodules as myeli- 
nation proceeds; as a result, the nodules become slightly 
more difficult to see as discrete lesions and the irregularity 
of the ventricular wall becomes the most noticeable abnor- 
mality. If heavily calcified, the nodules may appear 
hypointense on Tl -weighted images (62). 

Giant cell tumors also are located in the wall of the lateral 
ventricle. These tumors differ from subependymal hamar- 
tomas by their size and their tendency to enlarge; their char- 
acteristic location and tendency toward enlargement usually 
result in a clinical presentation of hydrocephalus (62, 63). 
Their incidence in tuberous sclerosis is approximately 5-10% 
(51, 62). Histologically, subependymal lesions in patients 
with tuberous sclerosis appear to span a continuum between 
subependymal hamartomas and giant cell tumors; although 
some lesions are clearly in one category or the other, many 
lesions have histologic characteristics of both (5 1 ). 

The neuroimaging appearance of giant cell tumors is one 
of a round-to-ovoid, often partially calcified, uniformly 
enhancing subependymal mass that is most commonly 
located near the foramina of Monroe but can be situated 
anywhere along a ventricular wall (Fig. 7.6). Thus, by a 
single neuroimaging study, it is not possible to distinguish a 
giant cell tumor from a subependymal hamartoma (60, 62). 
The only way to make the differentiation is to perform 
sequential studies - giant cell tumors show growth out of 
proportion to brain growth on sequential studies whereas 
hamartomas show growth proportional to that of the brain. 
In adults, hamartomas do not grow. 

One other aspect of giant cell tumors warrants discussion: 
they rarely degenerate into invasive astrocytomas (51, 63, 64). 
Such degeneration should be suspected radiologically if the 
tumor is seen to invade the brain parenchyma (interstitial 
edema will typically be seen in the adjacent parenchyma), or 
if rapid enlargement is seen. 




FIG. 7.6. Tuberous sclerosis complex. Coronal T1 -weighted (A) and 
gadolinium T1 -weighted (B) images showing evidence of a small 
subependymal giant ceil astrocytoma in the foramen of Monroe. 

The final cerebral lesion that is identified in tuberous 
sclerosis is the cortical tuber. These lesions are identical, by 
histology, neuroimaging, and clinical manifestations, to focal 
cortical dysplasia with balloon cells, described above (65). 
They vary widely in number, with any particular patient 
having as few as one or as many as 30 (51, 66). They are 
most common in the cerebral hemispheres but may occur in 
the cerebellum as well. 

On CT, they appear in children as foci of low attenuation, 
typically expanding a gyrus and extending a variable distance 
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into the underlying white matter (60). Some of the lesions cal- 
cify (the precise percentage is not known) and, when they do, 
they often shrink such that the overlying cortex is drawn cen- 
trally, creating a cortical 'dimple'. 

On MR, the appearance of the lesions varies with the matu- 
rity of the brain (61, 62, 67, 68). In unmyelinated infant brains, 
the lesions are hyperintense to both gray and white matter on 
Tl -weighted images and hypointense to white matter on T2- 
weighted images. Although the lesions appear to be primarily 
subcortical, at this age it is easy to see a curvilinear central 
extension of the lesion extending centrally towards the ven- 
tricular surface. As the white matter myelinates, the appear- 
ance of the lesions changes. Ultimately, they are seen as 
hyperintense lesions compared with surrounding white mat- 
ter on T2-weighted and FLAIR images and they may be 
isointense or slightly hypointense compared with surrounding 
white matter on Tl-weighted images (61, 62, 68). The central 
extension of the lesions becomes much more difficult to see as 
the brain myelinates; use of magnetization transfer to diminish 
the Tl shortening effect of the myelin (69) or FLAIR to 
increase sensitivity to the slight signal alterations (70, 71) 
may help to identify this finding (Fig. 7.7). Calcified cortical 
tubers sometimes appear bright on Tl-weighted images (60), 
while degenerated tubers may show mild enhancement; 
such enhancement should not be misinterpreted as malignant 
degeneration, which is extraordinarily rare (60). 

Two other lesions that should be briefly mentioned in tuber- 
ous sclerosis are parenchymal cysts and vascular lesions. An 
unknown percentage of patients with tuberous sclerosis have 
cyst-like structures, most commonly periventricular, in the 
cerebral hemispheric white matter. Their clinical signifi- 
cance is uncertain (72). The vascular lesions are usually 
arterial aneurysms, which can develop anywhere in the 
arterial system, including the cerebral vasculature (72-76). 
Cerebral aneurysms appear to involve children dispropor- 
tionately; definitive conclusions await further studies. 



Hemimegalencephaly (Unilateral Megalencephaly) 

The term hemimegalencephaly describes a hamartoma- 
tous overgrowth of all or part of a cerebral hemisphere with 
defects in neuronal proliferation, migration, and organi- 
zation within the affected hemisphere (77-81). The hetero- 
geneous imaging (78, 80, 82) and pathologic (81, 83, 84) 
appearances suggest that several different disorders are 
included under this heading. The brain can be affected in 
isolation or can be associated with hemihypertrophy of part 
or all of the ipsilateral body. Affected patients typically have 
macrocephaly at birth and in early infancy; they present with 
an intractable seizure disorder that begins at a very early age 
(usually before the first birthday), hemiplegia, and severe 
developmental delay (78, 80, 81, 83). A high incidence of 
hemimegalencephaly seems to occur in patients with the 
epidermal nevus syndrome (85-87). Other associated condi- 
tions include Proteus syndrome (sometimes considered a 




FIG. 7.7. Tuberous sclerosis complex. Both A and B are coronal 
FLAIR images showing evidence of multiple high signal lesions 
typical of hamartomas. Not all the lesions are epileptogenic in 
nature, although by MRI there is no distinction between them. 

form of epidermal nevus syndrome (88-90)), unilateral 
hypomelanosis of Ito (91), neurofibromatosis type I (92), 
and tuberous sclerosis (93). 

On CT and MR, the involved hemisphere appears moder- 
ately to markedly enlarged (Fig. 7.8). The cortex is typically 
dysplastic, with broad gyri, shallow sulci, and cortical thick- 
ening; however, the gyral pattern may appear grossly normal 
or may be frankly agyric. In many patients, the usually sharp 
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FIG. 7.8. Hemimegalencephaly. Axial T2-weighted images at two 
levels show that the left hemisphere is abnormally enlarged. A. At 
the level of the lateral ventricles, the left lateral ventricle is large and 
the left frontal horn is abnormally straight (black arrows). B. At the 
level of the centrum semiovale, abnormal signal is seen in the white 
matter (large arrows), the perirolandic gyral pattern is abnormal, and 
there is blurring of the cortical-white matter junction (small arrows). 



border between the cortex and the subcortical white matter 
may blur or disappear altogether (78, 80). The white matter 
is of abnormally low signal on CT and usually shows hetero- 
geneous signal intensity on MR studies, representing hetero- 
topia and dysplastic neurons and glia. The configuration of 
the ipsilateral lateral ventricle is usually quite characteristic; 



it is enlarged, usually in proportion to the enlargement of the 
affected hemisphere, with the frontal horn being abnormally 
straight and pointing superiorly and anteriorly (78). In occa- 
sional patients, however, the ipsilateral ventricle is small (82). 
Rarely, the affected portion of the brain has a bizarre, hamarto- 
matous appearance (78, 80); in this situation, the malforma- 
tion is recognized by the characteristic enlargement of the 
affected brain and ipsilateral ventricle. 

It is important to recognize that the radiologic appear- 
ance of the brain may change over time. Wolpert et al. 
reported a patient in whom the affected hemisphere atro- 
phied during the first year of life and was smaller than the 
contralateral (normal) hemisphere when imaged at age 
1 year (94). An analogous change was seen on SPECT imag- 
ing, where the tracer uptake in the affected hemisphere 
diminished over time (95). We have seen reduction in hemi- 
spheric size of affected patients after episodes of status 
epilepticus. The affected portion of the hemisphere has little 
function in these patients save for acting as a seizure focus; 
indeed, l8 FDG PET scans show markedly reduced glucose 
uptake in affected regions (96). Anatomic hemispherectomy, 
functional hemispherectomy, or hemidecortication may, 
therefore, be indicated if the seizure disorder is intractable 
and the contralateral hemisphere is normal (97, 98). 



Malformations Secondary to Abnormal Neuronal 
Migration 

Lissencephaly 

The term lissencephaly means 'smooth brain' and refers 
to a paucity of gyral and sulcal development on the surface 
of the brain. Agyria is defined as an absence of gyri on the 
surface of the brain and is synonymous with 'complete 
lissencephaly,' whereas pachygyria is defined as the pres- 
ence of a few broad, flat gyri and is used interchangeably 
with the term 'incomplete lissencephaly.' 

In the past, patients with overmigration of neurons and asso- 
ciated congenital muscular dystrophy were classified as type II 
lissencephaly, later called cobblestone lissencephaly. The latest 
classification system (30) no longer classifies the cortical mal- 
formation associated with congenital muscular dystrophy as a 
lissencephaly; instead it is called cobblestone cortex. However, 
other new types of lissencephaly have been identified, includ- 
ing lissencephaly due to mutation of RELN* and a type of 
lissencephaly associated with agenesis of the corpus callosum 
and ambiguous genitalia (99). More types are sure to be found. 



Classical Lissencephaly (the Agyria-Pachygyria 
Complex) 

Children with classical lissencephaly almost always have 
global developmental delay and seizures, although the age of 
onset and severity of the clinical syndrome may vary depend- 
ing upon the severity of the cortical malformation (100-102). 
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Some patients with classical lissencephaly have a defect 
of the LIS1 gene at locus 17pl3.3 (103-105). A subset of 
the group with chromosome 17 mutations has charac- 
teristic facies and is classified as having the Miller-Dieker 
syndrome (102, 106). 

Other patients with classical lissencephaly (currently 
estimated to be about 20% (107)) have mutations of the 
DCX (also called XLIS) gene at chromosome Xq22.3-q23 
(X-linked lissencephaly (108)); these patients are typically 
boys whose mothers have band heterotopia (109, 1 10). Both 
these genes are believed to code for proteins that are impor- 
tant in the assembly of microtubules within migrating 
neurons (111); it is postulated that microtubule assembly is 
critical for neuronal cell bodies to follow the leading 
processes during the process of migration. Affected mothers 
have the same mutation of the X chromosome as do their 
offspring with X-linked lissencephaly (6). Many patients 
with band heterotopia have a significantly reduced number 
of sulci and gyri (112) and are better classified as having 
incomplete lissencephaly. 

About 75% of patients with lissencephaly have mutations 
of either 17pl3.3 or Xq22.3-23 (107), meaning that about 
one quarter of lissencephaly patients have other mutations; 
this is not surprising in view of the many genes that are 
involved in normal neuronal migration. With time, muta- 
tions of other chromosomal loci that are involved in neu- 
ronal migration will undoubtedly be found to underlie other 
cases of classical lissencephaly. 

Children with L/57-linked lissencephaly and those 
with DCX-linked lissencephaly have similar neurologic 
syndromes. Those with complete classical lissencephaly are 
typically hypotonic at birth, gradually developing appendic- 
ular and oropharyngeal spasticity as their nervous system 
matures (100, 113). Children with incomplete lissencephaly 
have less severe motor abnormalities and hypotonia (100). 
Infantile spasms are common in severely affected infants. 
The development of medically refractory epilepsy at a very 
early age, with increasingly complex seizure disorders over 
time, is characteristic. Systemic anomalies, particularly those 
of the ears, eyes, heart, and kidney, are present in the more 
severely affected patients (100, 102, 106, 114, 115). 

Most patients in this group have areas of both agyria and 
pachygyria, i.e. incomplete lissencephaly. In patients with 
chromosome 17 mutations, the areas of agyria are most 
frequently parieto-occipital in location while the pachygyric 
areas are more common in the frontal and temporal regions 
(100, 113, 116). Some patients with lissencephaly have 
more severe pachygyria or agyria in the frontal lobes; most 
of these patients seem to have mutations of Xq22.3-23. 
Microscopically, the cerebral cortex is composed of a thin 
outer layer of neurons, a cell-sparse zone, and a thick inner 
layer of neurons. The inner layer of neurons is thought to 
represent young neurons that were prematurely stopped dur- 
ing their migration to the cortex. Alternatively, the arrest of 
neuronal migration may reflect some abnormality of the 
fetal ependyma (1 17, 118). Whatever the cause, the last phase 
of neuronal migration to the cerebral cortex is impaired. 




FIG. 7.9. Lissencephaly (agyria). Notice the smooth cortex and the 
cell-sparse layer between a thin outer cortex and a deep layer of 
partially migrated neurons. 

Imaging studies of patients with complete classical 
lissencephaly reveal a smooth brain surface with diminished 
white matter and shallow, vertically oriented, sylvian fissures 
(79, 100, 102, 113, 119, 120). A thin outer cortical layer is 
separated from a thick deeper cortical layer by a zone of 
white matter (the 'cell-sparse zone') that seems to myelinate 
normally (Fig. 7.9). The gross appearance of the brain resem- 
bles that of the fetus prior to 23 or 24 gestational weeks when 
sulci normally begin to form. The cerebrum has been 
described as having a figure-of-eight appearance on axial 
images as a result of the shallow, vertical sylvian fissures. In 
cases of severe lissencephaly, sagittal images may show cal- 
losal hypogenesis. The ventricular trigones and occipital 
horns are enlarged, mostly because of underdevelopment of 
the calcarine sulci (1 13). The brain stem often appears small. 

Incomplete lissencephaly, in which areas of pachygyria are 
present together with areas of agyria or areas of normal brain, 
is much more common than complete lissencephaly. Areas of 
pachygyria also have a thickened cortex, but broad gyri and 
shallow sulci are present. Pachygyria can be distinguished 
from polymicrogyria when thin-section, high-resolution 
images are obtained (121). In pachygyria, the cortical-white 
matter junction is smooth and, in some cases, a layer of 
normal white matter can be detected in the cell-sparse zone. 
In polymicrogyria, the cortical-white matter junction is 
always irregular (121). 

Pachygyria can be focal or diffuse. When focal, it is 
almost always bilateral and typically posterior in patients 
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FIG. 7.10. Incomplete lissencephaly associated with a LIS1 muta- 
tion. Pachygyria is present in the anterior frontal lobes, while agyria 
is present in the posterior frontal and parietal lobes. Note the pres- 
ence of a cell-sparse layer (arrows) in the agyric region. 



with LIS1 mutations. When diffuse, it is often associated 
with regions of agyria and is typically more severe in the 
parieto-occipital region of the brain (and least severe in the 
frontal and temporal lobes) in LIS] mutations (Fig. 7.10). 
The mid- to posterior frontal lobes are most severely 
affected in DCX-linked pachygyria (Fig. 7.11). When 
patients have classical lissencephaly with more severe 
involvement in the anterior cerebrum than in the posterior 
cerebrum, a good family history should be obtained. Band 
heterotopia may be found in some female family members if 
there is family history of seizures. 

A subgroup of patients with lissencephaly have cerebel- 
lar hypoplasia (122, 123). This appears to be a heterogeneous 
group of disorders with differing patterns of inheritance, dif- 
ferent patterns of lissencephaly, and different patterns of 
cerebellar hypoplasia or dysplasia. Patients with LIS1, DCX, 
and RELN mutations can have cerebellar hypoplasia (8, 122, 
123). With LIS1 and DCX mutations, the cerebellum is usu- 
ally only mildly hypoplastic and the hypoplasia probably 
results from the fact that the same ligands and processes that 
are involved in neuronal migration in the cerebrum are also 
at work in the cerebellum. Therefore, it is not yet clear 
that the classification of lissencephaly with cerebellar 
hypoplasia should be classified as a separate malformation 
syndrome. However, some cases of lissencephaly have quite 



FIG. 7.11. Incomplete lissencephaly associated with a DCX muta- 
tion. Agyria is present in the frontal lobes, while pachygyria is seen 
in the parietal and occipital lobes. 

dramatic cerebellar hypoplasia, such as those with RELN 
mutations (8). Therefore, it is possible that those patients with 
severe cerebellar hypoplasia may represent a distinct group. 



Lissencephaly Secondary to RELN Mutation 

The RELN gene codes for a protein called reelin, which 
seems to be important in the dissociation of migrating neurons 
from radial glial cells (8). When reelin is abnormal, therefore, 
migration of neurons to their final destination in the cerebral 
and cerebellar cortex is impaired (124). Affected patients suf- 
fer from cognitive impairment and epilepsy. Imaging studies 
of affected patients show pachygyria, with an abnormally thick 
cortex (usually about 8 mm), but no cell-sparse zone is seen, 
differentiating this anomaly from classical lissencephaly. In 
addition, the corpus callosum is thin, the pons is small, and the 
cerebellum is quite small and shows a complete absence of 
lobulation (8). The appearance is quite striking. 



X-Linked Lissencephaly with Agenesis of the Corpus 
Callosum and Ambiguous Genitalia 

Lissencephaly with callosal agenesis and ambiguous 
genitalia (99) is caused by mutation of the homeobox gene 
ARX, located at chromosome Xp22; the mutation prevents 
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GABA-ergic interneurons from migrating to the cerebral 
cortex from the medial ganglionic eminence. Other muta- 
tions of the same gene can cause X-linked infantile spasms 
and X-linked mental retardation. Affected patients are 
typically abnormal from birth. They are microcephalic 
and manifest refractory epilepsy from the time of birth, and 
possibly prenatally. Temperature regulation is abnormal and 
the children are often hypothermic. Few developmental mile- 
stones are reached. Death typically occurs during the first 
decade of life. Imaging studies show frontal pachygyria, with 
slightly thickened cortex, and parieto-occipital agyria with 
cortical thickness of 5-10mm (Fig. 7.12). No cell-sparse 
zone is seen. The corpus callosum may be completely absent 
or hypogenetic, with resultant enlargement of the trigones 
and temporal horns of the lateral ventricles. The brain stem 
and cerebellum appear normal. 



Cobblestone Cortex (Associated with Congenital 
Muscular Dystrophies) 

Cobblestone malformations of the cortex are essentially 
all associated with congenital muscular dystrophies. It is 
likely that the mutated protein has a role in terminating neu- 
ronal migration at the external glial limitans during brain 
development in addition to functioning in muscle contrac- 
tion in the mature child. The three main disorders in this 
group are the Walker-Warburg syndrome, muscle-eye- 
brain disease of Santavuori, and Fukuyama's congenital 
muscular dystrophy (FCMD). 



Walker-Warburg Syndrome 

Walker-Warburg syndrome is the name given to a condi- 
tion in which patients have cobblestone cortex, hypomyel- 
ination, congenital hydrocephalus, hypotonia, and severe 
congenital ocular dysplasia (persistent hypoplastic primary 
vitreous, congenital glaucoma or microphthalmos, optic 
nerve hypoplasia (125)); occipital cephaloceles are present 
in about half (114, 119, 126-128). Affected patients are 
obviously abnormal at birth, manifesting hypotonia that is 
usually profound and unchanging, in addition to the ocular 
abnormalities and the progressive macrocephaly. Most 
patients show complete lack of psychomotor development and 
die in the first year of life secondary to recurrent aspiration and 
respiratory illnesses. 

On imaging studies, patients with Walker-Warburg 
syndrome have a thickened cortex with only a few shallow 
sulci, microphthalmia (which may be unilateral or bilateral), 
hydrocephalus, callosal hypogenesis, and profound 
hypomyelination (129, 130). The appearance of the cortex is 
quite distinctive, with an irregular gray-white matter junc- 
tion (Fig. 7.13), possibly reflecting the extension of bundles 
of disorganized cortical neurons into the underlying white 
matter (119); this is the characteristic imaging appearance of 




FIG. 7.12. X-linked lissencephaly with agenesis of the corpus 
callosum and ambiguous genitalia. A. Sagittal T1 -weighted image 
showing absence of the corpus callosum and an abnormal gyral 
pattern in the cerebral hemispheres. B. Axial T1 -weighted image 
showing nearly normal cortical thickness with a few shallow sulci 
anteriorly but nearly complete agyria with thickened cortex in the 
parietal and occipital lobes. 

cobblestone cortex. These bundles of neurons are separated 
by fibroglial vascular tissue that extends from the cerebral 
white matter through the cerebral cortex into the subarach- 
noid space, which is obliterated by this tissue. The posterior 
fossa is also distinctive, with marked pontine hypogenesis, 
an enlarged quadrigeminal plate, and a distinctive dorsal 'kink' 
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FIG. 7.13. Walker-Warburg syndrome. A. Sagittal T1 -weighted 
image showing hydrocephalus. In addition, the pons is small, the 
quadrigeminal plate is dysplastic, and the brain stem is kinked at 
the pontomesencephalic junction. B. Coronal T1 -weighted image 
showing the abnormal cerebrum with hypomyelination and bundles 
of dysplastic neurons in the cerebral cortex, causing an irregular 
cortical-white matter junction. 



subretinal hemorrhages. The hemorrhages are better s< 
ophthalmoscopy than by imaging. 



Fukuyama Congenital Muscular Dystrophy 

Fukuyama congenital muscular dystrophy is a condition 
seen primarily in children of Japanese ancestry (131, 132). It 
is a genetic disorder, with affected patients having mutations 
of the FCMD gene at chromosome 9q31-33 (133). Affected 
children present with hypotonia and severe developmental 
delay; seizures develop during the first year of life in about 
half of affected individuals. Analysis of serum shows 
elevated creatine kinase level; this elevation typically leads to 
a muscle biopsy, which shows changes consistent with mus- 
cular dystrophy (131, 132, 134, 135). Patients with FCMD 
have dysplasias of the retina that lead to myopia, nystagmus, 
and chorioretinal degeneration (136) but the clinical mani- 
festations are less severe than the ocular anomalies of 
muscle-eye-brain disease and Walker- Warburg syndrome. 

Although CT shows an abnormal brain in patients with 
FCMD, MR is the study of choice to show all the abnor- 
malities. Within the cerebral cortex, three types of abnormal- 
ity are seen pathologically (137). Of these, two are detected 
by imaging: unlayered polymicrogyria, which is seen prim- 
arily in the frontal lobes, and cobblestone cortex, which is 
largely temporo-occipital (135). The frontal polymicrogyria 
is seen as irregularity of the cortical surface and cortical- 
white matter junction (Fig. 7.14A). The temporo-occipital 
cobblestone cortex is thick, with a smooth outer surface 
(Fig. 7.14A) but a slightly irregular inner surface. In addition, 
deep to the inner surface of the cortex, separated from the 
cortex by a layer of white matter, partly contiguous nodules 
of cortex can be identified on high-resolution scans. 

Patients with FCMD also have dysplasia of the cerebellar 
cortex, which is manifest on imaging studies as dysplastic 
folia with subcortical cysts. These cysts tend to be located in 
the dorsal midportion of the cerebellar hemisphere, particu- 
larly in the superior semilunar lobule (Fig. 7.14C) (134). On 
histology, the cysts are found to have leptomeningeal tissue 
in their lumens and a molecular layer of nearly normal cere- 
bellar tissue lining their walls, suggesting that they may 
have formed from subarachnoid spaces that were engulfed 
by overmigration of cerebellar cortical neurons (134, 138). 

The other major finding on imaging studies of FCMD is 
delayed myelination. The abnormal white matter is hypo- 
dense on CT and shows prolonged T 1 and T2 on MR. Of note, 
when myelination does occur, it begins in the subcortical 
white matter and extends centrally (135) in a pattern com- 
pletely opposite to that of normal development. 



at the mesencephalic-pontine junction (Fig. 7.13), vermian 
hypoplasia, and small, dysplastic cerebellar hemispheres. 
Ocular imaging findings include ocular asymmetry, sec- 
ondary to congenital microphthalmos or congenital glau- 
coma (with resultant buphthalmos), and vitreous and 



Muscle-Eye-Brain Disease 



Muscle-eye-brain disease is another disorder that has a 
cobblestone cortex as one of its main features. This disorder 
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FIG. 7.14. Fukuyama congenital muscular dystrophy. A. Axial T2-weighted image showing the occipital cobblestone cortex, which is thick with 
a smooth outer surface but a slightly irregular inner surface. In addition, deep to the inner surface of the cortex, separated from the cortex by a 
layer of white matter, partly contiguous nodules of cortex (arrows) can be identified on high-resolution scans. Myelination (manifest as hypointen- 
sity on T2-weighted images) is almost completely missing in this 10-month-old infant. B. Axial T2-weighted image at a higher level showing 
polymicrogyria of the frontal lobes (arrows). C. Coronal T1 -weighted image showing the characteristic cortical cysts in the cerebellar hemi- 
spheres (smaller arrows). In addition, note the subcortical myelination (hyperintensity of the white matter, large arrows) in the absence of deep 
white matter myelination. 



is described primarily in patients from Finland. Patients with 
muscle-eye-brain disease have features similar to Walker- 
Warburg syndrome and FCMD, but the severity of involve- 
ment is intermediate between the other two diseases (139, 
140). The disease has been linked to mutations of chromo- 
some lp32-34 (141). 

In infancy and early childhood, affected children are 
hypotonic and have impaired vision (manifest as impaired 
visual fixation) from birth; epilepsy is common and mental 
retardation is usually severe (140). Spasticity typically begins 
to develop after age 5 years (140). Pathologic examination of 
the cerebral cortex reveals abnormal convolutions with a 
granular (cobblestone) surface to the cerebral cortex. A limi- 
ted area of agyria may be seen on the occipital convexity. 
Light microscopy shows resemblance to the cortex in 
Walker-Warburg syndrome and FCMD in that irregular 
bundles of myelinated axons penetrate the cortex from the 
white matter and gliovascular strands cut through the cortex 
from the pia and separate the cortex into irregular neuronal 
clusters (142). No horizontal lamination or vertical columns 
of neurons can be identified. Similar gliovascular strands 
penetrate the cerebellar cortex, which is dysplastic and 
shows cysts similar to those in FCMD (142). 

Neuroimaging of patients with muscle-eye-brain disease 
reveals diffusely abnormal cerebral cortex, which is thick- 
ened (anteriorly more than posteriorly) with decreased num- 
ber and depth of sulci. The cortex-white matter junction may 
be irregular (Fig. 7.15). Myelination is delayed, and regions 
of T2 hyperintensity may remain within the cerebral hemi- 
spheres (Fig. 7.15) even after myelination is completed. In 
addition, the ventricles are large, the sylvian fissures are 
wide, the septum pellucidum is absent, the corpus callosum 
is dysplastic or hypoplastic, the pons and cerebellum are 



hypoplastic (Fig. 7.16), and cerebellar cortical cysts are 
identified (143). Thus, the imaging appearance has features 
similar to the Walker- Warburg syndrome and FCMD. 



Heterotopia 

Gray matter heterotopia are collections of nerve cells in 
abnormal locations secondary to arrest of radial migration of 
neurons. (Note that the word heterotopia is plural; the sin- 
gular form of the noun is heterotopion.) Patients with het- 
erotopic gray matter almost always present with a seizure 
disorder (144-146). For the purposes of clinical evaluation 
and prognostication, it is useful to divide heterotopia into 
three groups: 

• subependymal heterotopia; 

• focal subcortical heterotopia; 

• band heterotopia (double cortex) (146, 147). 



Subependymal Heterotopia 

In most affected patients, subependymal heterotopia are 
asymmetric, few in number, and largely confined to the 
trigones and the temporal and occipital horns of the lateral 
ventricles; these may be isolated or associated with other 
brain anomalies such as the Chiari II malformation, cephalo- 
celes, or agenesis of the corpus callosum. A smaller number 
of patients have a large number of heterotopic nodules that 
completely or nearly completely line the walls of the lateral 
ventricles; these are sometimes called diffuse subependymal 
heterotopia (148). 
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FIG. 7.15. Muscle-eye-brain disease. A. Sagittal T1-weighted 
image showing that the corpus callosum, pons, and cerebellum are 
hypoplastic. Cerebellar dysplasia, similar to that in Fukuyama con- 
genital muscular dystrophy, is seen on axial and coronal images. 
B. Axial T2-weighted image showing diffusely abnormal cerebral 
cortex, which is thickened (anteriorly more than posteriorly) with 
decreased number and depth of sulci. The cortex-white matter junc- 
tion is irregular (arrows) in multiple regions. Myeiination is delayed. 



It is likely that mutations of several genes can cause 
subependymal heterotopia (149) but the one that has been 
identified is the FLN1 gene at chromosome Xq28 (150-152). 
The gene product, filamin-1, is a cytoplasmic structural 
protein that is anchored to cell surface receptors and 
has actin-binding domains that link the cell surface to the 
F-actin cytoskeleton; it is also involved in the formation of 
filapodia (153). The mechanism by which cell migration is 
impaired is unknown but is postulated to be impaired migra- 
tion of immature neurons from the germinal zone due to 



FIG. 7,16. Subependymal heterotopion. Coronal T1 -weighted image 
showing a nodule of gray matter (arrow) in the inferior aspect of the 
left ventricular trigone. 



these changes in the actin cytoskeleton and, perhaps, the 
inability of the nucleus to follow the leading process of the 
cell away from the germinal zone (153, 154). 

Patients with isolated heterotopia (those without other brain 
or visceral anomalies) usually manifest mild clinical symp- 
toms, with normal development, normal motor function, and 
onset of seizures during the second decade of life. Seizures are 
typically mixed partial complex and tonic-clonic (146, 151, 
1 52) and may emanate from the heterotopia, the hippocampus, 
or both ( 1 55). Girls with X-linked subependymal heterotopia 
often have a large cisterna magna (144, 150, 156). Boys with 
syndromic subependymal heterotopia may have associated 
cortical malformations, syndactyly, ear abnormalities, and 
severe mental retardation (150). 

Imaging studies reveal subependymal heterotopia as 
smooth, ovoid nodules that are isointense with gray matter on 
all imaging sequences (Fig. 7.17). The long axis of the nodule 
is parallel to the adjacent ventricular wall. The heterotopia 
may be considered cells in residual germinal matrix, perhaps 
persisting because of a defect in apoptosis; they are located in 
the wall of the ventricle and may be seen to protrude into the 
ventricular lumen. 

Subependymal heterotopia due to FLN1 mutations vary 
in configuration depending on what part of the filamen-1 
protein is affected by the mutation and how severely protein 
function is impaired (149, 157). Although most patients with 
mutation of this gene show diffuse subependymal hetero- 
topia lining the walls of the bodies of the lateral ventricles 
(Fig. 7.17), some with (relatively mild) local missense muta- 
tions may show only a few bilateral peritrigonal subependy- 
mal heterotopia (157). 
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FIG. 7.17. Diffuse subependymal heterotopia in an infant with FILN1 
mutation. A. Sagittal T1 -weighted image showing a large cisterna 
magna. B. Axial T2-weighted image showing multiple nodules of 
gray matter (arrows) lining the walls of the lateral ventricles. 



Focal Subcortical Heterotopia 

Patients with focal subcortical heterotopia have variable 
motor and intellectual disturbances, depending upon the size of 
the heterotopion and the effect on the overlying cortex (147, 
158). Children with bilateral, large, thick subcortical hetero- 
topia usually have moderate to severe developmental delay and 
motor dysfunction, whereas those with large unilateral 
heterotopia have hemiplegia and less severe (if any) mental 
retardation; children with small or thin unilateral subcortical 
heterotopia may have normal motor function and normal 
development (146, 158). Although exact numbers are not 



known, it seems that most affected patients eventually develop 
epilepsy, usually during the first or second decades (146, 158). 
Some early reports suggest that surgical resection may be use- 
ful in patients with subcortical heterotopia and medically 
refractory epilepsy (159). 

On neuroimaging, focal subcortical heterotopia appear as 
large, somewhat heterogeneous masses that are isointense to 
cortical gray matter on all sequences. They sometimes appear 
as multinodular gray matter masses and other times appear to 
be composed of swirling, curvilinear bands of gray matter. 
The portion of the hemisphere that is affected is almost 
always small, and the cortex overlying the heterotopion is 
thin, with shallow sulci, an appearance resembling poly- 
microgyria vFig. 7.18). 

Because the white matter in the affected portion of the 
cerebrum is reduced, the heterotopion may appear to exert a 
mass effect on the adjacent ventricle or the interhemispheric 
fissure and may thus be mistaken for tumor. Further scrutiny 
of the images, however, will show that the affected hemi- 
sphere is small and that the apparent mass effect is actually 
distortion of the hemisphere caused by the dysplasia. Thus, 
heterotopia can be differentiated from tumors, which will 
enlarge the affected hemisphere and, other than compression 
from mass effect, have a normal overlying cortex. Other 
important features in distinguishing heterotopia from tumors 




FIG. 7.18. Subependymal heterotopia. Axial T1 -weighted image 
showing a large cluster of gray matter in the left frontal lobe, extend- 
ing from the frontal horn to the cingulate gyrus. The left frontal lobes 
is small and the left frontal cortex has shallow sulci. The corpus 
callosum is absent. 



238 / Chapter 7 



are the lack of surrounding edema, isointensity with gray 
matter on all imaging sequences, and absence of enhance- 
ment after administration of contrast agents (79, 145, 146). 

Associated brain anomalies are common; callosal agen- 
esis or hypogenesis is present in about 70%, and the ipsilat- 
eral basal ganglia are dysplastic in >70% (158). Subcortical 
heterotopia will sometimes contain vessels or fluid, which, 
after close examination, are seen to be cerebrospinal fluid 
and vessels coursing in from the cerebral cortex (160). 

Marsh et al. (161) reported that proton spectroscopy of 
heterotopia shows elevated creatine and choline with 
normal NAA. Li et al. found that the NAA:Cr ratio is vari- 
able, ranging from normal to low compared with age- 
matched normal controls (16). 

Band Heterotopia (Double Cortex) 

Patients with band heterotopia (112, 162), also called 
'double cortex'(163, 164), may present for medical evalua- 
tion at any age, although they usually present in childhood 
with developmental delay of variable severity and mixed 
seizure disorders (112, 163, 164). Several authors have 
described patients who are normal except for relatively mild 
seizure disorders (109, 112, 163). 

The overwhelming female preponderance (>90) is consis- 
tent with most cases resulting from mutations of the DCX 
(also called doublecortin) gene (6, 165), located on chromo- 
some Xq22.3-q23 (108). Doublecortin is an intracellular 
phosphoprotein that binds and stabilizes microtubules and 
promotes microtubule assembly (111, 166, 167). Patients 
affected sporadically may have truncation or missense (single 
amino acid substitution) mutation, whereas most familial 
cases show missense mutations (168). Rarely, male patients 
with band heterotopia have been described (112, 169); most 
of these have missense mutations of LIS1 (170) or somatic 
mosaicism, a condition in which some, but not all, neurons 
have the mutation of DCX (171). One case report revealed 
band heterotopia associated with trisomy 9p; however this 
patient had multiple other anomalies and mutation of 
Xq22.3-q23 was not ruled out (172). 

On imaging, band heterotopia appear as homogeneous 
bands of gray matter that are situated between the lateral 
ventricles and the cerebral cortex and separated from both 
by a layer of normal-appearing white matter (Fig. 7.19). The 
overlying cortex may have normal or increased thickness; 
sulci are shallow. The heterotopia may be difficult to detect 
in the myelinated brain unless sequences that strongly contrast 
gray and white matter are used. Band heterotopia may be 
complete or partial (109, 173); when partial, the frontal lobes 
seem to be preferentially involved in DCX mutations, while 
the parietal lobes are affected in LIS1 mutations (170, 174). 
In some patients, a second layer of heterotopia is present in 
the temporal lobe (112). 

The severity of cortical anomaly seems to be related to the 
thickness of the band heterotopia; i.e., the thicker the band 
of heterotopic gray matter, the more shallow the sulci in the 




FIG. 7.19. Band heterotopia. A. Axial T2-weighted image in a 
neonate showing a circumferential band (arrows) that is thicker an- 
teriorly than posteriorly. The cortical sulci are abnormally shallow. 
B. Coronal T2-weighted image in a 30-year-old woman with epilepsy 
showing that the band (arrows) is more difficult to appreciate in the 
myelinated brain. 

overlying cortex (112). The more anomalous the cortex, the 
worse the clinical prognosis for epilepsy (112). Foci of T2 
prolongation may be seen in the cerebral white matter; the 
presence of these foci is associated with a poor motor outcome 
(112). When imaged in a neonate, the band may be mistaken 
for myelinating white matter; identification of the cell-sparse 
zone between the band and the cortex, in addition to the 
shallow sulci, will help to make this differentiation easier. 
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When studied by PET using [ 18 F]-fluorodeoxy glucose, 
band heterotopia are found to have a glucose uptake that is 
similar to (175, 176) or greater than (177) normal cortex. This 
finding contrasts with the hypometabolism found in cortical 
dysplasias (see next section) and in most epileptogenic foci. 
Morell et al. (178) have found epileptiform discharges ema- 
nating from the band, suggesting that it is the source of the 
seizure activity in affected patients. Pinard et al. have found 
increased blood flow to the portion of the band that underlies 
the motor cortex using BOLD imaging (179). This combina- 
tion of findings suggests that the band may have substantial 
communications with the rest of the brain and may send out 
projection fibers to communicate with the body. 



Other Types of Heterotopia 

Some heterotopia have configurations that do not fit into 
the three major groups. These include subependymal linear 
or laminar heterotopia, which are smooth linear regions 
of heterotopia that line the ependymal wall of the lateral 
ventricle, and 'ribbon' heterotopia (Fig. 7.20), curvilinear 
undulations of heterotopic gray matter in the deep, periven- 
tricular white matter. At present, the subependymal linear 
heterotopia are classified simply as subependymal hetero- 
topia and ribbon heterotopia are classified as subcortical 
heterotopia. The clinical phenotypes and genetics of these 
particular entities are not well known at present. 



Malformations Secondary to Abnormal Cortical 
Organization 

Polymicrogyria 

In polymicrogyria, the neurons reach the cortex but 
distribute abnormally, resulting in the formation of multiple 
small gyri; thus, it is a disorder of neuronal organization 
(30). Polymicrogyria has a range of histologic appearances, 
all having in common a derangement of the normal six- 
layered lamination of the cortex (119); thus, it may be 
considered a cortical dysplasia. However, the term cortical 
dysplasia is generally applied to smaller foci of abnormal 
cortical lamination that contain dysplastic neurons (180). 
Therefore, the term polymicrogyria, which is a well- 
established descriptive term, seems appropriate if one recog- 
nizes that this is probably the end result of a number of 
different causes. 

Patients with polymicrogyria may present with develop- 
mental delay, focal neurologic signs and symptoms, or 
epilepsy, depending upon the portion(s) of brain involved. 
The condition may be associated with congenital cyto- 
megalovirus infection, in utero ischemia (181, 182), or chro- 
mosomal mutations (mutations of Xq28, 16ql2.2-21, lp36, 
and 22qll.2 have been identified (9, 183-187)). No differ- 
ence in neurologic manifestations have been detected in 




FIG. 7.20. Ribbon heterotopia. Axial T2-weighted image of a neonate 
showing an undulating ribbon of gray matter in the periventricular 
white matter. It is not clear whether this 'ribbon' is a variant of sub- 
cortical heterotopia or a separate entity. 

patients who have polymicrogyria due to congenital infec- 
tions versus other causes (188-190). 

Because the presentations are so variable, the diagnosis 
may be made at any age, in infants or in septuagenarians who 
are undergoing imaging as part of a metastatic work-up. 
Questioning of older patients may reveal a history of congen- 
ital hemiplegia, epilepsy, or 'cerebral palsy'. The severity of 
the clinical presentation depends upon the extent of cortical 
involvement; bilateral involvement and involvement of more 
than half of a single hemisphere are poor prognostic indica- 
tors, portending moderate to severe developmental delay and 
significant motor dysfunction (190). The malformation may 
be focal, multifocal, or diffuse; it may be unilateral, bilateral 
and asymmetrical, or bilateral and symmetrical. The most 
common location is around the sylvian fissure (191), particu- 
larly the posterior aspect of the fissure; however, any cortical 
area, including the frontal, occipital, and temporal lobes, can 
be affected (119, 188, 190-192). 



Syndromes Associated with Polymicrogyria 

Several specific syndromes are associated with cerebral 
polymicrogyria. Kuzniecky et al. have described a syn- 
drome of bilateral opercular polymicrogyria (congenital 
bilateral perisylvian syndrome), which may be sporadic or 
familial (187, 193, 194). The inheritance patterns of familial 
cases appear to be heterogeneous, suggesting that mutations 



240 / Chapter 7 



of several different genes can cause this malformation (194); 
one location, on Xq28, has been identified (185). Sporadic 
cases typically present with a syndrome of developmental 
pseudobulbar palsy (oropharyngeal dysfunction and dysarthria, 
100%), epilepsy (80-90%), mental retardation (50-80%), and, 
sometimes, congenital arthrogryposis (193, 195-198). Some 
patients present in infancy or early childhood with develop- 
mental delay (60%), poor palatal function (40%), hypotonia 
(30%), arthrogryposis (30%), and motor deficits (25%) (196, 
199). Seizures (many clinical types) are present in 40-60% 
(196, 199, 200). Studies of familial cases of congenital bilat- 
eral perisylvian polymicrogyria show a lower incidence of 
these clinical manifestations (194), possibly because patients 
with minimal symptoms are more readily identified and 
examined. 

Other syndromes of bilateral symmetrical polymicrogyria 
have been described (201). Several groups have described 
bilateral symmetrical frontoparietal polymicrogyria (202); 
a gene for this disorder has been identified at 16ql2.2-21 (9). 
Affected patients show a characteristic syndrome of develop- 
mental delay in both cognitive and motor spheres, discon- 
jugate gaze (typically esotropia), refractory seizures, and 
bilateral pyramidal and cerebellar signs (Dr Chris Walsh, per- 
sonal communication). Guerrini et al. have described patients 
with bilateral medial parietal-occipital polymicrogyria (192, 
203). In addition, cases of bilateral lateral parietal polymicro- 
gyria and those with combinations of the above-mentioned 
patterns have been described; thus, it appears that any region 
of cortex may be involved by bilateral, symmetrical poly- 
microgyria (201). 

Epilepsy syndromes can also be associated with 
polymicrogyria (188, 190, 192, 195, 200, 204). The epilep- 
togenic focus is typically not within the dysplastic cortex 
itself but in the cortex adjacent to the polymicrogyria, 
known as the paramicrogyral zone (205). Studies in labora- 
tory animals show increases in postsynaptic glutamate 
(excitatory) receptors and decreases in GABA A (inhibitory) 
receptors in the polymicrogyric cortex (205), factors that 
probably promote epileptogenesis. In addition, the polymicr- 
ogyric cortex appears to have fewer axonal connections with 
the rest of the brain (205). This lack of connections may be 
the reason why polymicrogyric cortex does not function 
normally and why seizures emanate from the paramicro- 
gyral zone instead of the dysplastic cortex itself. 

Imaging of Polymicrogyria 

On MR imaging, polymicrogyria has two main appear- 
ances. The first is of a thin cortex (3 mm) with irregular inner 
and outer cortical margins (Figs 7.21, 7.22); this appearance 
is seen in the neonate or young infant with unmyelinated 
brain. The second pattern is that of a rather thick cortex 
(6-8 mm) with a variably irregular outer surface and an 
irregular inner surface (Figs 7.21, 7.22). As most patients 
with polymicrogyria are imaged after myelination has begun, 
the latter appearance is more common. With the second 




FIG. 7.21. Polymicrogyria in a 4-week-old infant. The cortex is thin 
and undulating. 



pattern, the scan may show an irregularly bumpy surface or 
be paradoxically smooth because the outer cortical (molec- 
ular) layer fuses over the microsulci. In addition, the appear- 
ance may vary with the technique used to acquire the 
images; it may have the appearance of pachygyria, with 
broad, thickened gyri (79, 188, 190), or look normal if thick 
(5 mm or larger) sections are acquired or if the subcortical 
white matter is incompletely myelinated. 

Thus, because the gyri are so small, polymicrogyria may 
be missed or misdiagnosed on routine spin-echo images. 




FIG. 7.22. T1 -weighted images showing typical bilateral perisylvian 
polymicrogyria in a patient with CBPS. The abnormalities often 
extend beyond the opercular regions. 
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FIG. 7.23. Polymicrogyria in a 6-month-old infant with congenital 
hemiplegia, diagnosed as early hand preference. A is at the level of 
the lateral ventricles and B at the level of the centrum semiovale. 
Nearly the entire right frontal lobe is affected. Note the thin, undulat- 
ing cortex in the prefrontal region of B (arrows). The white matter 
beneath the affected cortex is abnormally hyperintense, probably 
resulting from dilated perivascular spaces, and the ipsilateral lateral 
ventricle is enlarged. 

Images with thin sections and optimal gray-white matter 
contrast (we use volume three-dimensional gradient-echo 
spoiled gradient acquisition (Tl -weighted) and volume 
three-dimensional fast spin-echo (T2-weighted) images, 
both with <1 .5 mm partition size) are obtained. Evaluation in 



three planes is often necessary to detect irregularities of the 
gray-white matter junction, which are often the only 
evidence of dysplastic brain (121). The volume acquisitions 
can be displayed as two-dimensional images in any plane or 
as three-dimensional images, and can be used for stereotac- 
tic localization for surgical therapy. 

Regions of polymicrogyria can be flat and congruent to 
the arc of normal cortex (Fig. 7.23A,B), or may extend cen- 
tripetally, with the cortex appearing as if it were buckled or 
folded inward (Fig. 7.24). The affected cortex is usually 
isointense to normal cortex on imaging studies, unless it is 
calcified (=5%). Polymicrogyria may be unilateral (=40%) 
or bilateral (=60%). The cortex surrounding the sylvian 
fissures is involved in approximately 80% of cases, with the 
frontal lobe being most commonly involved (=70%), fol- 
lowed by parietal (63%), temporal (38%), and occipital (7%) 
lobes (191). The striate cortex, cingulate gyrus, hippocam- 
pus, and gyrus rectus are typically spared (191). 

Abnormalities of the underlying white matter are common. 
Prolonged T2 relaxation time is present in the white matter 
underlying the dysplastic cortex in about 20-27% of patients 
(34, 190, 191, 206); recent studies suggest that these are 
dilated perivascular spaces (Fig. 7.25) (191). Finally, it is 
important to realize that anomalous venous drainage is com- 
mon in areas of dysplastic cortex (207), seen in up to 51% 
(191). Large vessels are especially common in regions where 
there is a large infolding of thickened cortex. These are not 
vascular malformations and do not require angiography. 

Proton MR spectroscopy seems to be normal in regions 
of polymicrogyria (16). 




FIG. 7.24. Polymicrogyria in a 25-year-old woman with epilepsy. 
Abnormal infolding of cortex (arrow) indents the trigone of the right 
lateral ventricle. Note the irregular cortical-white matter junction. 
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FIG. 7.25. Bilateral frontoparietal polymicrogyria. A. At the level of 
the centrum semiovale, polymicrogyria is seen in all of the frontal 
and parietal lobes visualized. Dilated perivascular spaces are seen 
in the underlying white matter. B. At the level of the basal ganglia, 
the opercula are seen to be enlarged and the insular cortex abnor- 
mally thickened. 

Schizencephaly 

The term schizencephaly describes gray-matter-lined 
clefts that extend through the entire cerebral hemisphere, 
from the lateral ventricle to the cortex (208, 209). Both 
genetic and acquired causes have been postulated, including 



in-utero transmantle injury (ischemic or infectious) during 
the middle portion of the second trimester. Other cases seem 
to be familial (210-212) and may be associated with muta- 
tions of the EMX2 homeobox gene, located on chromosome 
10q26 (210, 213), a gene expressed in the germinal matrix 
of the developing cerebral neocortex (214). For prognostic 
purposes, patients with schizencephaly are divided into those 
with unilateral (=60%) and bilateral clefts (=40%); the clefts 
are further divided into those with fused lips (closed lip 
schizencephaly, 15-20%) and those with separated lips (open 
lip schizencephaly) (215-218). The walls of clefts with fused 
lips appose one another directly, obliterating the cerebrospinal 
fluid space within the cleft at that point. Cerebrospinal fluid 
fills clefts with separated lips from the lateral ventricle to the 
subarachnoid spaces (208, 209, 217, 219). 

It is thought that schizencephaly and polymicrogyria are 
similar entities. This is based on the fact that the clefts are 
lined by polymicrogyria and mechanistically schizencephaly 
is at the end of the spectrum in polymicrogyria. Whether this 
is the case in all patients is not known at present. 

The severity of the affected patient's symptoms is related 
to the amount of involved brain (216, 217, 220, 221). Those 
patients with a single cleft with fused lips generally have 
epilepsy and, perhaps, a mild hemiparesis but are otherwise 
developmentally normal. Patients with unilateral clefts with 
separated lips are typically brought to medical attention 
because of macrocephaly and hemiparesis; ultimately, most 
develop epilepsy (>80%) and a mild to moderate develop- 
mental delay, depending upon the size and location of the 
cleft within the brain (215, 217, 220). Patients with bilateral 
clefts tend to be severely retarded with early onset of epilepsy, 
severe motor anomalies, and, frequently, blindness (216, 217, 
220, 221). The blindness may relate to optic nerve hypopla- 
sia, which is seen in up to one-third of patients with schizen- 
cephaly (222, 223). Some authors have noted that epilepsy is 
less common in bilateral than in unilateral schizencephaly 
(224). They speculate that the bilateral clefts may impair 
spread of the epileptic discharges. However, most reports sug- 
gest that seizures begin earlier and have worse outcome when 
clefts are bilateral (216, 220). 

Imaging studies of schizencephaly show a full-thickness 
cleft through the affected hemisphere (Figs 7.26, 7.27); gray 
matter, typically characterized by a bumpy outer surface and 
an irregular gray-white matter junction, lines the cleft (79, 
217, 219). This gray matter can extend into the ventricle and 
partially line the wall of the ventricle as heterotopic gray 
matter (see Fig. 7.27). Although any portion of the brain can 
be involved, the frontal horns and the anterior aspects of the 
temporal horns are relatively spared (218). The gyral pattern 
of the cortex adjacent to the cleft is usually abnormal (see 
Fig. 7.27), demonstrating sulci that radiate into the cleft. 

Clefts with fused lips can be missed if the imaging plane 
is parallel to the plane of the cleft; therefore, imaging of 
patients who present with seizures or developmental delay 
should always be performed in at least two planes. Dysplastic 
cerebral cortex may be present in a 'mirror-image' location in 
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FIG. 7.26. Unilateral open-lip schizencephaly. Coronal T1 -weighted 
image showing a large, gray matter lined communication between 
the left frontal horn and the subarachnoid space. Note the abnor- 
mally shallow sulci in the contralateral hemisphere (arrows). 



the hemisphere contralateral to a unilateral schizencephaly in 
as many as 30% of patients, particularly when the schizen- 
cephaly is large and open-lipped (see Fig. 7.26) (190, 217, 
218); thus, the contralateral hemisphere should always be 
scrutinized. The septum pellucidum is absent in about 70% 
of patients with schizencephaly (218) and is almost always 
absent when the clefts are bilateral; when unilateral, the 
septum is more commonly absent when the cleft is separated 
rather than fused. 



Focal Cortical Dysplasia Without Balloon Cells 



FIG. 7.27. Bilateral open lip schizencephaly. Coronal T2-weighted 
image showing bilateral horizontal small open-lip schizencephalies 
(large white arrows) extending from the ventricular trigones to the lat- 
eral surface of the hemispheres. The surrounding cortex (large white 
arrows) has an abnormal gyral pattern. Small areas of heterotopic 
gray matter (small black arrowheads) line the wall of the ventricles 
adjacent to the clefts. 

is focally increased (231). The relative signal intensity of dys- 
plastic cortex and underlying white matter may change with 
age; therefore, serial MR studies may be necessary to find the 
focus in young infants (232). If the patients have refractory 
epilepsy or infantile spasms, PET scanning may aid in local- 
izing the focus by showing local hypometabolism (23, 228). 



In focal cortical dysplasia without balloon cells, a focal 
abnormality of lamination is present in the cerebral cortex 
and, usually, the underlying white matter without the pres- 
ence of balloon cells or of abnormal cells extending medially 
to the ventricular surface (180, 225-227). Patients with this 
type of focal cortical dysplasia almost always present with 
partial seizure disorders and normal neurologic examination. 

The most common MR appearance, in my experience, is 
that of focal cortical thinning with hyperintensity of the 
underlying white matter, as if a previous ischemic injury has 
occurred. Frequently, the MR scan initially appears normal 
(228). Careful evaluation with thin sections and optimal 
gray matter-white matter contrast may show focal blurring 
of the cortical-white matter junction (229, 230); however, if 
dyslamination is the only abnormality, MR may be com- 
pletely normal (228). A helpful finding may be a 'dimple' in 
the cortex, a focus where the size of the subarachnoid space 



Other Conditions Associated With Focal Cortical 
Dysplasia 

Cortical dysplasia is often associated with other condi- 
tions. The best described of these conditions are neuronal- 
glial tumors (dysembryoplastic neuroepithelial tumors (233, 
234) and gangliogliomas (235)) and mesial temporal sclerosis 
(236, 237). Discussion of these entities is beyond the scope of 
this chapter. 
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Structural Analysis Applied to Epilepsy 
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INTRODUCTION 

As has been made clear in previous chapters, in clinical 
practice the investigation and treatment of patients with 
epilepsy has been revolutionized by the advent of MRI. It has 
been demonstrated to be a reliable and accurate indicator of 
many of the pathologic findings underlying epilepsy. The use 
of MRI has resulted in a reduction in chronic intracranial 
electroencephalographic (EEG) monitoring at most epilepsy 
centers, especially in patients with lesional pathology. MRI 
has had a major impact in epilepsy surgery by helping to 
define cerebral structural damage and consequently in 
delineating the extent of the 'epileptogenic zone' (Chapter 1), 
i.e. the site of seizure onset. The close relation between struc- 
tural lesions identified by MRI and the epileptogenic zone is 
demonstrated by favorable surgical outcome in patients with 
lesions as opposed to those with normal MRI. 

Magnetic resonance imaging benefits from the ability to 
vary image acquisition and postprocessing parameters in 
order to study different types of anatomic and functional 
properties in the brain (Chapter 2). Techniques such as the 
volumetric acquisition of thin contiguous slices, three- 
dimensional (3D) reformatting and surface rendering have 
enhanced the ability of MRI to display brain anatomy and to 
visualize epileptogenic brain lesions. As opposed to visual 
MRI inspection, advanced image processing provides quan- 
titative MRI analysis, which is likely to be of great aid in 
structural brain imaging. 

Human epileptogenesis is clearly a complex functional 
process and its anatomic basis is poorly understood. Given 
the possibility that some of these functional changes may 
have a structural correlate, MRI could also play a pivotal 
role in elucidating the mechanisms underlying epileptogen- 
esis. Advanced MR image analysis has great potential to 



improve our understanding of the basic mechanisms of, as 
well as for better defining indications for, surgery and improv- 
ing outcome from this surgery. 

The purposes of this chapter are to give an overview of 
some of the cutting edges in novel image analysis methods 
and their application to clinical research, and to indicate 
how these methods may allow us to approach new and rele- 
vant questions in clinical MRI research in epilepsy. 

Understanding image processing involves a certain 
amount of technical knowledge. Some general concepts of 
MR image analysis will be discussed here. However, read- 
ers who would like to learn more details about the different 
methods should consult the papers listed in the references at 
the end of the chapter. 



IMAGE ACQUISITION: THE IMPORTANCE OF 
VOLUMETRIC DATA ACQUISITION 

Although MRI cannot provide histologic data directly 
(because of its low resolution), it can provide a surrogate 
measurement of pathologic processes that may underlie the 
epileptogenic process. Visual or quantitative assessment of 
hippocampal volume on volumetric 3D Tl-weighted MRI, 
along with demonstration of signal change, has been demon- 
strated to be an accurate method for diagnosing hippocam- 
pal sclerosis. MR diagnosis has virtually replaced invasive 
EEG methods in most patients with temporal lobe epilepsy 
(TLE) in whom hippocampal sclerosis is the underlying 
major pathology. 

The study of epilepsy arising from cortical abnormalities 
has been more limited in the past by difficulties of visuali- 
zing the cortical surface from conventional two-dimensional 
(2D) MRI slices, a challenge that is currently being met by 
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advanced surface reconstruction techniques, volume render- 
ing, and curvilinear modeling. 

Adjusting time properties of the acquisition sequences, 
such as echo time and repetition time, provide contrast 
between brain tissues. A typical basic epilepsy MRI proto- 
col comprises a Tl -weighted volume acquisition, which may 
be reformatted in any orientation and used for volumetric 
measurements, along with proton-density, T2-weighted, fluid 
attenuated inversion recovery (FLAIR) and inversion recov- 
ery pulse sequence acquisitions. Images are obtained with 
adjacent slices that cover the entire brain with thin 
cuts usually oriented perpendicular to the long axis of the 
hippocampus. 

The ideal MRI sequence for studying patients with 
epilepsy would be one that provides high spatial resolution, 
high contrast, and complete brain coverage, and does so in a 
short period of time. Unfortunately, these goals are mutually 
exclusive because of the inherent limitations imposed by 
MR physics (Chapter 2). In our experience, Tl -weighted 3D 
gradient-echo technique, which provides exquisite anatomic 
detail and can be reconstructed to obtain high-quality volume 
imaging, gives us the best data for digital image processing. 

Despite the improvement achieved by multiplanar refor- 
matting, the complexity of brain anatomy limits, in some 
situations, the identification of subtle epileptogenic lesions. 
Curvilinear multiplanar reformatting (CMPR) of 3D MRI (1) 
offers an alternative to the conventional rectilinear visuali- 
zation methods. In this technique, a series of curved slices 



are automatically generated from an initial surface obtained 
by interactively delineating the contour of the hemispheric 
convexities (usually along the coronal plane; Fig. 8.1). The 
slices obtained are approximately symmetric, have an angle 
of incidence perpendicular to the inward folding gyri of the 
hemispheric convexities, and are generated at user-selected 
slice intervals depth levels. The thickness of the curves is 
usually 1 mm with a 1 mm interslice gap. This results in a 
symmetrical set of images of the cortex, which can be dis- 
played as a 2D surface or 3D rendered image. 

Curvilinear multiplanar reformatting can facilitate visual 
analysis by displaying multiple images that can be simulta- 
neously displayed from identical viewing planes and ex- 
amined in combination with conventional orthogonal MRI. 
Furthermore, the 3D viewing windows are linked so that 3D 
can be synchronously viewed in space (Fig. 8.2). The per- 
pendicular orientation of the curved slices in relation to the 
gyri prevents the impression of artifactual cortical thickening 
by reducing volume averaging and obliquity of the slices in 
relation to the long axis of the gyrus. The utility of this 
method has been demonstrated by Bastos et al. (1), who stud- 
ied five patients in whom conventional 2D and 3D MRI was 
initially considered normal. Subsequent studies using CMPR 
identified lesions in all patients. Four patients underwent 
surgery with histologic diagnosis of focal cortical dysplasia. 

Curvilinear multiplanar reformatting provides a more 
realistic display of brain surface anatomy, which allows 
comparison between adjacent gyri and sulci and improves 




FIG. 8.1. Curvilinear multiplanar reformatting of three-dimensional MRI. A surface is obtained by manually delineating contour lines of the hemi- 
spheric convexities on several coronal sections. This surface will serve as a template for the generation of progressively deeper slices. The 
resultant surfaces may be displayed as a three-dimensionally rendered object. 
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FIG. 8,2. Curvilinear multiplanar reformatting of three-dimensional MRI. Focal cortical dysplasia in the left parietal area. Axial and coronal view 
on orthogonal images (left) and nine curvilinear slices (right) at progressive depth are presented. On the 3D surface, the lesion is characterized 
mainly by a focal gyral abnormality with sulcal widening (dashed square). Deeper slices show cortical thickening and blurring of the gray-white 
matter transition in the lesional area. The asterisk (1 0 mm surface) indicates the anatomic location of the hand area. 



anatomic localization of epileptogenic lesions with respect 
to functional areas. This is particularly useful in locating 
pivotal functional areas, such as the central sulcus and the 
pre- and postcentral gyri. However, the principle of CMPR 
applies typically to hemispheric convexities. Therefore, 
inspection of brain areas that have a more rectilinear shape, 
such as the parasagittal region, the insular cortex and the 
fronto- and temporobasal areas is best achieved when using 
conventional orthogonal and oblique planes (1). CMPR has 
been shown to be useful also in neurosurgical planning, 
by providing a better view of the position of subdural 
electrodes with respect to cortical anatomic landmarks 
compared to conventional orthogonal sections. Furthermore, 
visualization of subdural grids using CMPR does not require 
image fusion and thus avoids possible localization error 
associated with images registration (2). 

An automated, data-driven method for curvilinear recon- 
struction has been implemented and applied to epilepsy. In 
this technique, the brain is first segmented from the 3D MRI 
using a region growing method with unsupervised threshold 
selection technique. The upper half of the segmented brain 



is then extracted and fitted by a deformable surface model. 
This surface is finally interactively moved by the operator to 
visualize the desired curvilinear slice, which is projected on 
the screen as a 2D image that can fit the brain in three 
dimensions (3), as opposed to a cylindrical surface generated 
by interactive CMPR. The drawback of this method is a less 
realistic display of brain anatomy, which is unquestionably 
more difficult to assess on a 2D image than on multiple 3D 
rendered surfaces. 

The main shortcoming of the above-mentioned conven- 
tional methodologies is that they rely on visual assessment of 
trained observers and are therefore subjective. Alternatively, 
quantitative image processing methods have the potential to 
help identify lesions that may be overlooked by conventional 
radiologic evaluation. 



IMAGE PROCESSING: AN OVERVIEW 



Image processing refers to quantitative analyses and/or 
algorithms applied to digital image data. It allows generation 
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of 3D parametric maps and implies calculation of values that 
should be ultimately replicable and rater-independent. Image 
processing methods are becoming increasingly sophisti- 
cated and the tendency is to develop as much automation as 
possible. A common goal of image processing techniques 
applied to neuroimaging is to improve detection of abnormal 
brain tissue, including abnormalities that may not be readily 
recognizable by visual analysis alone. 

It is important to bear in mind that the clinical input is 
determinant in deciding which image analysis method might 
be most useful to investigate specific brain pathologies. This 
can be done, for example, by modeling features described 
qualitatively during visual analysis of imaging data by 
expert observers. Also, there are some important aspects of 
image processing that should not be overlooked. Image 
quality is the most important factor in determining the reli- 
ability of the data produced by the image post-processing. 
The reproducibility of findings is another central issue. 

The following aspects of image processing of 3D MRI 
will be discussed in this chapter: image pre-processing, tis- 
sue classification, shape analysis, voxel-based morphometry, 
cortical thickness measurements and texture analysis. 



IMAGE PRE-PROCESSING 

The necessary assumption of topologic correspondence 
across sets of data is satisfied by the broad anatomic informa- 
tion contained in 3D MRI. Registration, e.g. the alignment of 
images, is usually performed against some common reference 
(target) image. Because the choice of target should not bias the 
final result of registration, high-resolution large population 
averages are preferred (4). 

An important concept for the analysis of multiple MRI 
data sets is the 'brain-based' coordinate system. For this 
purpose, we rely on a coordinate space (stereotaxic space) 
concept originally based on the atlas created by Talairach 
and Tournoux (5) for neurosurgical applications. This type of 
spatial normalization provides multiple advantages (6). First, 
this process (linear or nonlinear) allows adjusting for differ- 
ences in total brain volume and brain orientation, and facil- 
itates the identification of boundaries of brain structures by 
minimizing variability in slice orientation (4). Second, it pro- 
vides a conceptual framework for the completely automated, 
3D analysis across subjects. Third, it allows longitudinal and 
cross-sectional analysis. Stereotaxic registration is accom- 
plished by the registration of one image to a target using an 
automated 3D image registration technique (4). 

Low-frequency spatial intensity variations are primary 
source of errors in the computer-aided, quantitative analysis of 
MRI data. This artifact, often referred as RF inhomogeneity, is 
predominantly caused by electrodynamic interactions with sub- 
ject and inhomogeneity of the RF receiver coil sensitivity (7). 
Therefore, algorithms have been created to automatically cor- 
rect images for intensity non-uniformity due to radiofrequency 
inhomogeneity of the MR scanner and standardize intensity (8). 



TISSUE CLASSIFICATION AND SEGMENTATION 

Tissue classification refers to the differentiation of voxels 
within an MR image into tissue-based classes, such as gray 
matter (GM), white matter (WM), cerebrospinal fluid 
(CSF), and background. This procedure is usually based on 
the absolute MR intensity from one or more image types, 
since the above-mentioned classes have sufficiently differ- 
ent gray-level intensities on the MR-image histogram. 
Partial volume effects occur when more than one tissue class 
is present within a voxel at the resolution of the image. 
A classifier must then decide, based on a set of predefined 
rules, to which class the voxel belongs. Typically the context, 
or neighborhood, of a given voxel will be taken into consid- 
eration in the classification process (9, 10). 

Tissue segmentation deals with the identification of 
specific anatomic structures. Segmentation of anatomic struc- 
tures from large 3D MRI data sets represents a necessary yet 
difficult task in medical image analysis. The prototype of 
MRI-based segmentation used in epilepsy has been the man- 
ual volumetry of limbic structures, such as the hippocampus 
and the amygdala (see Duncan 1997 (11) for review). Past 
techniques measuring the hippocampus have focused on 
defining structures in a single two-dimensional plane (12-14). 
Because of the three-dimensional shape of the hippocampus, 
however, we have found great advantages in verifying hip- 
pocampal segmentation in coronal, sagittal, and transverse 
plain. Several studies have shown that these volumetric meas- 
urements are accurate and reproducible (15, 16). Initial stud- 
ies performed by Jack and colleagues (13) indicated that 
volumetric analysis may reliably identify seizure origin in 
patients with TLE and there is now consensus that hippocam- 
pal atrophy detected by volumetric MRI is a reliable indicator 
of mesial temporal sclerosis in TLE patients (17-19). 

Relatively little work has been done on quantitative imag- 
ing of extrahippocampal pathology, despite early pathologic 
studies, which suggested a more widespread involvement of 
the cortex in patients with epilepsy (20). Entorhinal cortex 
volumetry has been able to demonstrate structural abnormal- 
ities in the mesial temporal lobe, not only in patients with 
TLE and hippocampal atrophy on MRI (15, 21-23), but also 
in those with TLE and normal hippocampal volume (24). 
Preliminary studies have shown that abnormalities associated 
with TLE can lead to reduction of the hemicranial volume (25) 
and to specific structures such as the temporal neocortical GM 
and WM (22, 26-29), and the thalamus (30-32). Information 
provided by manual volumetric analysis of the hippocampus, 
amygdala, and entorhinal cortex can be routinely used in the 
clinical management of surgical candidates. 

As discussed above, current volumetric MRI protocols 
for clinical research studies in epilepsy are based on manual 
segmentation of brain structures. This approach is time- 
consuming and requires great expertise in anatomy. In 
addition, manual segmentation introduces intra- and inter- 
observer variations in labeling strategy and makes often use 
of empirical guidelines for dealing with unclear anatomic 
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borders. These factors apply particularly when dealing with 
the segmentation of neocortical areas. 

Advanced imaging techniques for morphometry have been 
developed to try to overcome these limitations by using com- 
putational techniques to provide an objective assessment of 
brain structures. Some methods combine automated segmen- 
tation with some level of operator intervention. More recent 
programs aim to provide fully automated analytical tools, 
overcoming the variability and bias of interactive methods. 
The main problems faced are anatomic variability, nonhomo- 
geneity of pixel values in a single tissue or structure, and the 
presence of blurred boundaries between different tissue types. 

Different methods have been used to accomplish auto- 
matic segmentation, such as statistical pattern recognition 
techniques (33) and clustering algorithms (34, 35). More 
recently, there has been a massive proliferation of increas- 
ingly sophisticated methods that make use of artificial neural 
networks (6) and 3D model-based segmentation techniques 
(33, 36-52). A considerable advantage of deformable models 
is their ability to take into account global prior knowledge 
about the expected shape of the structure to be segmented and 
its variability. A detailed analysis of these methods is beyond 
the scope of this chapter. Many of the recent methods provide 
quite robust segmentation and labeling of brain structures, 
including the hippocampus, even in the presence of severe 
brain atrophy (46). Some methods have been validated by 
comparison of automatic segmentation with the results 
obtained by interactive expert segmentation (43, 47, 50). 



Segmentation of the Hippocampus 



Some general aspects of the automated hippocampal 
segmentation have been recently summarized by Shen and 
co-workers (50). The hippocampus is a small gray-matter 
structure that is adjacent to other gray-matter structures such 
as the amygdala and the parahippocampal region. Therefore, 
on MRI, the hippocampus has relatively low contrast and 
borders that are relatively difficult to identify along a signi- 
ficant portion of its surface. Moreover, the hippocampus has 
a high surface-to-volume ratio, and the hippocampal surface 
voxels are most difficult to define. These difficulties compli- 
cate the accurate automatic segmentation of the hippocampus. 

To date three different approaches have been proposed for 
quantification of the hippocampal volumes: manual 
segmentation (discussed above), semi-automatic and fully 
automatic methods. A fully automated method for hippo- 
campal segmentation would be ideal. However, conventional 
methods such as edge detection, thresholding, or region 
growing are not reliable due to the small size, low contrast, 
and apparent discontinuity of the edges of the hippocampus. 
One attempt proposed, which involves warping of an atlas to 
the individual MRI (53). may not generate accurate results 
because of its sensitivity to the imperfections involved with 
the registration and warping steps. Alternative methods use 
shape and boundary profile information (47) or an active 



appearance-based technique (43) to guide the hippocampal 
segmentation. Semiautomatic methods may provide a more 
realistic approach for hippocampal segmentation because 
they combine a priori knowledge concerning hippocampal 
location, anatomic boundaries, and shape (45, 50, 54, 55). 

Only a few attempts have been made to automatically 
segment the hippocampus in MRI data sets of patients with 
epilepsy. A preliminary study by Webb and colleagues (53) 
used a semi-automated method based on the analysis of 
image intensity differences between 15 TLE patients with 
hippocampal atrophy and 14 controls within a volume of 
interest (mask) centered on the hippocampus. The presence 
of an anomaly (in terms of intensity differences) in the mask 
region caused by encroachment of CSF or WM as a result of 
morphologic changes in the hippocampus (i.e. atrophy) 
formed the basis of the method for determining automati- 
cally hippocampal atrophy. Hippocampal atrophy could be 
detected only in 50% and 70% of the patients with manually 
determined atrophy in the right and left hippocampus, 
respectively. Because of the low sensitivity, the authors pro- 
posed to use this method as a screening tool obviating the 
need for time-consuming manual measurements in patients 
with clear-cut unilateral hippocampal atrophy. 

Hogan and collaborators (56) verified the precision and 
reproducibility of hippocampal volumetric measurement using 
deformation-based segmentation in five patients with mesial 
temporal sclerosis. The overall percentage overlap between 
automated and manual segmentations was about 70%. This 
semi-automatic method required manual determination of 
global and hippocampus-specific landmarks, which provided 
an initial condition for the intensity-matching algorithm by 
roughly aligning the patient and control images. Furthermore, 
results in this study showed a greater variability in the seg- 
mentation of the sclerotic hippocampus compared to that in 
healthy controls. 



Segmentation of Gray and White Matter 

Volumetric measurements of neocortical areas provide an 
indirect means of estimating regional neuronal number. 
Regional cortical GM and subcortical matter (hemispheric 
WM and subcortical nuclei volumes) has been assessed 
using block analysis (57). In this technique, the segmented 
images of each cerebral hemisphere are divided into a num- 
ber of equal slices in an anterior-posterior axis, allowing 
measurement of interhemispheric volume ratios between 
blocks. In a study of patients with cortical dysgenesis, wide- 
spread changes were seen in apparently normal areas distant 
from the visually apparent areas of dysgenesis (57, 58). 

It is noteworthy that segmentation methods applied so far 
to epilepsy have been semi-automatic because they involve, 
at least in some steps, the intervention of an operator. 
Moreover, automatic segmentations methods have provided 
only lobar volumes (29). In general, it remains to be seen 
whether the objectivity and increased reproducibility of an 
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automated approach outweigh the decreased ability to 
delineate fine structure in the neocortex and the medial 
temporal lobe. 

Completely automatic and accurate segmentation of indi- 
vidual brain structures is thus far an unsolved problem. 
However, automatic and efficient segmentation techniques 
open new possibilities for the processing of a large number 
of MRI data sets. With the refinement of segmentation tech- 
niques, future work should target separate analysis of GM 
and WM of individual brain regions (i.e. specific gyri), 
allowing comprehensive analysis of the whole brain instead 
of few target areas. It is, however, important to remember 
that a disadvantage of fully automatic processing concerns 
quality control, which is imperative for any type of quanti- 
tative analysis. Therefore, visual inspection of the results is 
still a necessity, particularly in difficult-to-segment areas 
such as the mesial temporal lobe. 



ANALYSIS OF SHAPE 

Shape analysis is emerging as an important area of med- 
ical image processing because it has the potential to improve 
both the accuracy of medical diagnosis and the pathophysio- 
logy of neurologic diseases. Analysis of shape enables eval- 
uation of local details that are not evident in measurement of 
the total volume of a structure. In computational anatomy, 
statistical surface shape models have been shown to be more 
sensitive than volumetric MRI in detecting small losses of 
volume in the hippocampus, particularly in schizophrenia 
and Alzheimer's disease (59-63). Emerging techniques of 
deformation-based segmentation allowing the examination 
of the brain structures have been largely applied to the hippo- 
campus, however other brain structures such as the corpus 
callosum have also been studied (43, 48-50, 52, 62-67). 



Shape Analysis of the Hippocampus 

Only a few reports in adults have demonstrated changes in 
hippocampal shape in patients with epilepsy (56, 68, 69). In a 
recent study, a previously validated technique of deformation- 
based hippocampal segmentations was applied in a small 
group of patients with documented unilateral mesial tem- 
poral sclerosis and TLE (68). Using composite images, shape 
differences between the epileptogenic, smaller hippocampus, 
and contralateral hippocampus were measured. Final shape 
differences were projected on the contralateral 'normal' 
side. Both patients with right and left hippocampal sclerosis 
showed similar regions of maximal inward deformation in 
the affected hippocampus, which were the medial and lateral 
aspect of the head, and posterior aspect of the tail. The 
authors reported that hippocampal shape abnormality in 
TLE patients was different from that in a previously 
described case of schizophrenia (59) and Alzheimer's dis- 
ease (61). In the view of the authors, these results suggest 



that specific 3D patterns of volume loss might occur in TLE. 
Similar findings were reported in a patient who developed 
status epilepticus in the context of acute encephalitis (69). 

A new technique for shape analysis based on medial mod- 
els is coming into view in the literature (66, 70). We used an 
algorithm developed by Bouix and Siddiqi at McGill 
University for analyzing anatomic structures from 3D MRI 
data using medial surfaces (64, 65). In this method, the medial 
surface of the hippocampus is defined as the locus of the cen- 
ters of the interior spheres with maximal radius. The medial 
surface reflects the topologic and geometrical features of an 
object in a very compact form. Registering the medial sur- 
faces describing different hippocampi in a common space 
allows statistical analysis of differences in shape between 
patients and normal control subjects (Fig. 8.3). 

Our preliminary results of shape analysis using the radius 
function of the medial surfaces showed that in left TLE 
patients, deformation involves mostly the head-body transi- 
tion area. In right TLE patients, there was a flattening of the 
head of the hippocampus and a bending of the hippocampal 
body (Fig. 8.4). 

It is conceivable that, coupled with other methods in a 
proper statistical framework, results from shape analyses 
might increase the sensitivity of diagnosis of epilepsy and 
possible aid early detection of the disease. Future applica- 
tions in TLE include analysis of newly diagnosed patients, 
patients with normal hippocampal volume, and those with 
familial forms. 



Shape Analysis of the Sulci and Cortical Mantle 

The problem of quantifying, as opposed to visualizing, 
the cortical surface and measuring its variability across sub- 
jects is difficult to express in mathematical terms because 
the boundaries of gyri and the extent of sulci are imprecise. 
Major sulci have variable branching patterns and many sec- 
ondary gyri have a highly variable appearance or may be 
absent. However, mathematical models of structure and 
shape have the potential to be able to isolate cortical charac- 
teristics in a form that gives diagnostic information not eas- 
ily available to the human observer. 

Although disruption of normal gyral patterns and altera- 
tion of cortical ribbon are features of many structural 
abnormalities related to epilepsy, little work has been done 
in the analysis of neocortical shape for quantification of 
changes possibly related to neuronal damage or abnormal 
connectivity in this disorder. Most studies have relied upon 
visttal inspection to identify gross abnormalities in gyration 
on the 3D surface-rendered MRI (71). However, similarly to 
volumetric MRI studies in the mesial temporal lobe, the 
identification of more subtle alterations may require quanti- 
tative analysis of hemispheric differences and comparison of 
individual gyral surface area or gyral/sulcal locations with 
previously established population norms. Measurements of 
GM and WM surface area and index of curvature of the gyri 
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FIG. 8.3. Hippocampal shape analysis. A. Sagittal T1 -weighted MRI. B. Hippocampal label. C. Three-dimensional view of the manually 
segmented hippocampus. D. Three-dimensionally rendered hippocampus. E. The most prominent sheet of the medial surface. F. The medial 
surface radius function as a surface plot. G. Two-dimensional intensity map, in which each point refers to the medial surface radius as a height 
function. 




FIG. 8.4. Hippocampal shape analysis. Shape analysis showing the location of the deformation in the hippocampus ipsilateral to the seizure 
focus in patients with left (n = 20) and right (n = 20) temporal lobe epilepsy compared to controls (n = 40). The intensity of the image is directly 
proportional to the magnitude (and sign on the color bar) of the regression of the medial surface radius function and thus reveals information 
about the location of shape differences between patients and controls. Although changes in shape involve most of the hippocampus, in patients 
with left temporal lobe epilepsy the deformation (negative values) is located in the head-body transition area, whereas patients with right tem- 
poral lobe epilepsy present with a marked flattening of the hippocampal head. 
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have shown subtle abnormalities in neocortical structures in 
TLE (27) but their relationship to the epileptic foci and the 
occurrence of seizure remains unclear. 

In an attempt to define subtle simplification of gyral 
patterns, some authors have applied fractal analysis to MRI 
images from patients with frontal lobe epilepsy (72) and 
cryptogenic epilepsy (73). Results indicated that, compared 
to a group of normal controls, abnormally low fractal dimen- 
sion (an index of contour complexity) of the GM-WM inter- 
face and the WM surface was found in 10 of 16 patients with 
frontal lobe epilepsy and nine of 23 subjects with crypto- 
genic epilepsy. This method, which was implemented in two 
dimensions rather than 3D, provided a nonspecific index of 
complexity with low sensitivity that was unable to identify 
focal abnormalities. Nevertheless, it illustrates the potential 
of quantitative analysis for detecting anomalous cortical 
morphology, particularly if extended into 3D. 

Recently, there has been a great interest within the brain 
imaging community in developing increasingly more 
advanced image analysis methods for characterizing sulcal 
shape. Automated or semi-automated methods for statistical 
models of sulci have relied on graphs constructed from 3D 
point sets (74, 75), on ribbons used to model the space 
between opposite sides of a sulcus (76, 77), or on curves 
located on the outer cortical surface (78). These methods allow 
intersubject sulcal shape comparisons of the major sulci (76) 
and can quantify a variety of characteristics, such as length, 
volume and indexes of curvature (79). 

There is evidence that sulcal shapes might be linked to 
the underlying cytoarchitecture and related to connectivity 
of the brain, since they are influenced by forces exerted by 
connection fibers (80). Therefore, these methods seem an 
appropriate instrument to explore the hypothesis that abnor- 
mal neuronal connectivity produces abnormal cortical fold- 
ing patterns. MR-based shape analysis could clarify which 
aspects of sulcal shape abnormalities are most relevant to 
brain pathology in epilepsy, particularly in malformations of 
cortical development. 



CORTICAL THICKNESS MEASUREMENTS 

While extensive manual segmentation of the cortical 
mantle on MRI is prohibitive, reliable automatic 3D segmen- 
tation and measurement of the cerebral cortex remains a chal- 
lenging problem because of its convoluted nature. Measuring 
cortical thickness in an accurate yet fully automated fashion 
has the potential to provide maps of changes across the 
cortical ribbon with not only statistical significance as an 
output (such as produced by voxel based morphometry, see 
below) but also a meaningful metric of change, namely cortical 
thickness loss or gain measured in millimeters. This offers the 
potential to define clinical and statistical significance. 

There have been only few studies attempting to measure 
cortical thickness from MRI data (81-87), most probably 
because of the inherent difficulty in executing the task correctly. 



Two types of approach have been used: one attempting to 
replicate the jeweler's eyepiece measurement by measuring 
the distance from the brain surface to the white matter on a 
slice (85), the other trying to separate the two surfaces 
(GM-CSF and GM-WM), create object representation of 
these two surfaces, and then find the closest point on one 
surface given a point on the other (81-87). 

The first approach faces the problem of selecting the 
correct slice angle along which to measure the thickness at any 
one point. That is a very difficult task, made even more diffi- 
cult by the fact that MRI is discrete data rarely sampled higher 
than 1 mm spacing. The second approach, which uses a much 
more sophisticated series of data processing techniques, has to 
deal with three main issues: tissue classification, separation of 
the opposite banks of sulci that have been fused through the 
partial volume effect, and construction of the actual surfaces 
into some polygonal model or delineated boundaries. 

Once the surfaces have been defined, the thickness at any 
one location has to be found. The most common approach is 
some variant of the straight-line measurement. The tech- 
nique used involves picking a point on one of the surfaces 
(GM or WM surface) and finding the closest point on the 
other surface (81, 84, 88). In the method described by Jones 
et al. (82), cortical thickness is computed through by solving 
the Laplace's equation over the cortex with constant bound- 
ary values at the two interfaces. The solution of Laplace's 
equation describes a nested series of surfaces that make a 
smooth transition between the inner and outer surface. Field 
lines orthogonal to all intermediary surfaces between the 
two interfaces can then be computed, and the thickness at 
any point in the mantle can be found by integrating over 
these streamlines. 

Very few studies have been dedicated to the measurement 
of cortical thickness in neurologic disorders. A recent study 
by Rosas et al. (86) showed that the cortical ribbon, com- 
pared to healthy controls, is thinner in Huntington's disease 
patients and that atrophy spreads to more anterior regions as 
the disease progresses. 

To assess cortical thickness in TLE, we used deformable 
models described by McDonald at the Montreal Neurological 
Institute (84). The fully automated algorithm starts with 
the same spherical model for each subject, which is then 
deformed on to their respective Talairach registered and clas- 
sified volumes to create a WM-GM surface and a GM-CSF 
surface (Fig. 8.5). The resulting nodes of each surface are 
thus guaranteed to both be in the cortical mantle as well as in 
comparable locations. This therefore allows for population 
analyses. 

In the Montreal series, 32 patients with left TLE and left 
hippocampal atrophy on volumetric MRI, and 5 1 normal con- 
trols were studied. Decrease in cortical thickness occurred in 
the ipsilateral entorhinal cortex and hippocampus, and bilat- 
erally in the frontal and central areas, suggesting a multi- 
lobar involvement (Fig. 8.6). The relationship between such 
measurements and the clinical parameters and disease pro- 
gression remains to be determined. 
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White matter surface Intermediate surface Gray matter surface 

FIG. 8.5. Automated three-dimensional extraction of inner and outer surfaces of cerebral cortex from MRI for cortical thickness measurements. 
A. The native 3D T1 -weighted MRI is registered in a standard stereotaxic space and corrected for non-uniformity, and classified into gray matter 
(GM), white matter (WM), and cerebrospinal fluid (CSF) using an artificial neural network classifier. Then a sphere is deformed to the WM-GM 
boundary as identified in the classification step. This will generate a WM surface. This surface is then expanded outwards towards the GM-CSF 
boundary to create a GM surface. B. Cross-section of the GM (red) and WM (green) surfaces superimposed on the classified volume. C. Left 
view of the inner, intermediate, and outer surfaces of a cerebral cortex. The intermediate surface is defined as the geometric mean between the 
GM and WM surfaces. 




FIG. 8.6. Cortical thickness measurement in temporal lobe epilepsy. Bilateral frontal and central decrease in cortical thickness in patients with 
left temporal lobe epilepsy. Lateral views of the left and right hemisphere are shown. 
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VOXEL-BASED MORPHOMETRY 

Volume and geometry are only a part of the information 
provided by MRI. Pathology also causes changes in water 
relaxation behavior that are manifested by gray-level varia- 
tion. Voxel-based morphometry (VBM), a recent imaging 
technique that was originally developed for functional MRI 
analysis, is a powerful tool for analyzing subtle differences 
in signal intensity (89). 

The context for VBM can be set by dividing medical image 
analysis techniques in two broad categories: structure-based 
and voxel-based methods. Structure-based methods add infor- 
mation to an image by conveying knowledge from human 
expertise. They imply clustering voxels together according to 
some meaningful representation to the user, allowing further 
statistical analysis of the structure. An example of structure- 
based methodology is manual segmentation of the hippocam- 
pus from MRI and subsequent volume estimation of the 
collection of voxels labeled by an expert observer. The goal of 
voxel-based methods (segmentation, registration, or mor- 
phometry) is to measure some properties at the voxel level 



and extract meaningful information, without relying on 
a subjective intermediary processing stage. Furthermore, 
VBM allows the investigation of brain tissue abnormalities 
with no a priori region of interest, enabling a comprehensive 
and unbiased analysis of global brain structure. 

At its simplest, VBM involves a voxel-wise comparison 
of the local 'concentration' (see below) of some property 
between two groups of subjects. VBM relies heavily on an 
accurate co-registration process before comparing different 
MRI volumes at a voxel level. Typically, linear registration is 
used to conform all brains to the same orientation and size. 
Any differences due to misregistration will result in added 
noise to the statistical results. Nonlinear registration can be 
used to further conform all subjects to a common reference 
volume at a local level. 

After tissue classification, images are smoothed by con- 
volving with an isotropic gaussian kernel. Therefore, each 
voxel in the smoothed images contains the average concentra- 
tion around the voxel. This is often referred as tissue 'den- 
sity' or 'concentration' (89). Voxel-wise parametric statistical 
tests are used to compare the smoothed concentration maps 




FIG. 8.7. Voxel-based morphology. A. Automated correction for intensity nonuniformity; normalization of gray-level intensities to a common 
scale across subjects; registration of images to a standardized stereotaxic space to adjust for differences in total brain volume and orientation. 
B. Classification of brain tissue into gray matter (GM), white matter (WM), and CSF; blurring of GM and WM binary masks with an isotropic 
gaussian kernel to generate 3D maps of GM and WM 'density'. C. Statistical maps of differences between patient and control densities obtained 
using a general linear model. 
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from the two groups. Corrections for multiple comparisons 
are made using the theory of gaussian random fields (90) 
(Fig. 8.7). Meaningful clinical results are usually found 
when large clusters of voxels are significant. Many neuro- 
imaging laboratories in the world have the capability to 
perform VBM using the SPM package (89). 

Voxel-based morphometry has been used to reveal patho- 
logic changes in gray or white matter in neurologic conditions 
such as Alzheimer's disease (91) and schizophrenia (92). 

As one of the MRI features of mesial temporal sclerosis 
is hypointense signal on Tl -weighted images, VBM has 
potential for mapping the spatial distribution of abnormali- 
ties along the hippocampal axis and in extrahippocampal 
structures. VBM has previously been used to indicate 
region-specific grey matter abnormalities in patients with 
TLE and hippocampal atrophy (93, 94), juvenile myoclonic 
epilepsy (95), affective aggression and TLE (96), and mal- 
formations of cortical development (97, 98). In TLE, VBM 
has produced conflicting results showing significant clusters 
of decreased GM intensity in the epileptogenic hippocam- 
pus in some studies (93, 94) and no abnormalities in others 
(96, 98). However, VBM was able to show consistently 



across different studies neocortical GM reduction or excess, 
either lateralized or not to the epileptic focus, demonstrating 
abnormalities beyond the visualized lesions. 

We studied 40 patients with right intractable TLE, 47 
patients with left TLE, and 51 neurologically normal controls. 
Volumetric MRI showed hippocampal atrophy ipsilateral to 
the seizure focus in all patients. Blurring of GM and WM 
masks was done using an isotropic gaussian kernel with full- 
width half maximum of 5 mm to generate 3D maps of GM and 
WM 'density.' Patients with left and right TLE had a diffuse 
GM reduction in the hippocampus ipsilateral to the seizure 
focus and bilateral thalamic GM reduction. Left TLE patients 
also had ipsilateral GM reduction in temporopolar and supe- 
rior temporal cortices, and bilateral frontal and parietal GM 
reduction. Compared to normal controls, patients with left and 
right TLE showed a diffuse reduction of temporal lobe WM 
(temporopolar area, temporal stem, parahippocampal, supe- 
rior, middle, inferior, and fusiform gyri) ipsilateral to the 
seizure focus. We also found bilateral WM reduction in the 
cerebellum, and WM reduction in the body of corpus callo- 
sum. There was also bilateral WM reduction in parietal and 
parieto-occipital lobe in right-TLE patients (Fig. 8.8). 




FIG. 8.8. Voxel-based morphometry. Selected areas of (A) decreased gray matter and (B) decreased white matter concentration in patients 
with left (left) and right (right) temporal lobe epilepsy. 
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These results show that limbic pathology extends beyond 
the hippocampus and involves the temporopolar cortex and 
the thalamus. Moreover, there are extensive WM changes 
throughout the temporal lobe with anterior predominance. GM 
and WM reduction is also present in frontal and parietal lobes. 
Reduction in GM concentration reported in previous studies 
and in our patients most probably corresponds to GM atrophy. 
The pathologic correlates of an increase in GM concentration 
found in previous studies are less clear (93, 98, 99). Our results 
showed that regions of increased GM density corresponded to 
reduction in WM density. Therefore, the increased GM density 
reported in previous studies might be simply explained by a 
decrease in the adjacent WM density, which was not analyzed. 

In TLE, it has also been shown that extrahippocampal 
GM abnormalities may be correlated with duration of 
epilepsy, suggesting secondary brain damage (94). 

Although VBM is a relatively straightforward technique, 
some technical aspects deserve further discussion. Results 
of VBM depend on the quality of image registration, seg- 
mentation, classification, and intensity nonuniformity cor- 
rection. Modification of some steps in the analysis may be 
tested to further improve the technique, such as nonlinear 
registration to conform all brains to a template. The size of 
the kernel used for smoothing is also an important factor for 
interpreting results and should be comparable to the size of 
the expected regional differences between the groups of 
brains. In VBM studies in epilepsy the used kernel size 
(14-10mm) was obviously larger than the expected dimen- 
sion of abnormalities (e.g. atrophy) of brain structures, such 
as, for example, the hippocampus. 



TEXTURE ANALYSIS 

Morphology and texture are important features for visual 
assessment of an image. Morphology refers to the analysis 
of shape-related properties of structures within an image, 
including, for example, cortical thickness. The texture of an 
image can be described by the distribution of brightness and 
darkness within that image. Computer-based texture ana- 
lysis of digital images provides statistical methods capable 
of identifying the relationship between neighboring pixels 
over the specific region of interest, often considering the 
probability that certain intensities are found in specific 
spatial locations with respect to each other. These techniques 
result in numerical feature descriptors about spatial gray 
level variations in pixel neighborhoods (100), which can be 
used for tissue characterization. 

First-order texture methods measure intensity-based 
properties of an image, such as mean intensity, variance of 
intensity, or intensity gradient. These types of property can 
generally be appreciated through visual analysis. Second- 
order texture methods analyze the spatial distribution of 
intensity patterns within an image that are not easily per- 
ceived through visual analysis. 



In medical imaging, texture analysis has been shown to 
increase the level of diagnostic information extracted from 
many modalities such as MRI and ultrasound, and to char- 
acterize differences in appearances unrecognizable by visual 
observation (101, 102). Reported applications include classi- 
fication of pathologic tissue in liver, thyroid, breast, kidney, 
prostate, and the heart, and characterization of brain tumors. 
Texture analysis has been used to identify pathology in 
Alzheimer's disease (103) and multiple sclerosis (104). The 
usefulness of applying texture analysis to brain MRI in part 
arises from an intuitive parallel between changes in spatial 
distributions of gray-level intensity patterns and abnormal 
tissue organization (102, 105). 

In epilepsy, texture analysis has been applied to improve 
lesion detection in focal cortical dysplasia (37, 106, 107) and 
TLE (108). 

Malformations of cortical development are increasingly 
recognized as an important cause of focal epilepsy, parti- 
cularly in younger patients (109). Indeed, focal cortical 
dysplasia (FCD) (110) is the most common form of devel- 
opmental disorder in patients with pharmacologically 
intractable partial epilepsy referred for presurgical evalua- 
tion. In many patients with neuronal migration defects, the 
abnormality is possibly much more widespread across the 
hemisphere than the changes visible on MRI would lead one 
to expect. This may be part of the reason why seizures do 
not always stop entirely following surgical treatment, 
although the improvement following surgery in the great 
majority of these patients is well worthwhile. 

The interpretation of MRI features of these malformations 
requires particular attention to the analysis of cortical GM, 
GM-WM boundary, WM, and periventricular region. On Tl- 
weighted MRI, FCD is mainly characterized by variable 
degrees of cortical thickening and a poorly defined transition 
between GM and WM, but also by an hyperintense signal 
within the dysplastic lesion with respect to normal cortex 
(111). FCD lesions are mostly located in extratemporal areas. 
As discussed above, minor abnormalities may only be detected 
when the volumetric data is reformatted as a tangential slice or 
as a surface display of the 3D reconstruction (1) However, the 
inherent complexity of the brain's convolutional pattern makes 
the visual identification of FCD lesions difficult. 

In our own research, by applying texture analysis to MRI, 
we sought to develop a computer-based method to assist in 
the detection of FCD in patients with pharmacologically 
intractable epilepsy. Our initial approach was to apply mor- 
phologic and first-order texture models of the MRI charac- 
teristics of FCD. The models were implemented in a 
voxel-wise fashion, such that a set of feature maps could be 
generated for each patient. These features were chosen to 
model in vivo the pathologic characteristics of FCD. We 
selected 16 patients in whom FCD had been histologically 
proven at operation. In eight patients, FCD had been recog- 
nized on conventional MRI prior to the surgery. In the 
remaining eight patients, preoperative MRI had been 
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reported as normal. Details about modeling of the different 
characteristics of FCD were published elsewhere (107). 

In brief, the following voxel-wise operators were applied 
to the 3D Tl-weighted MRI for each patient: 

• a gray-matter run-length operator to model GM thickness 



• an absolute gradient operator to quantify the blurring of 
the GMAVM interface 

• an operator to model hyperintense Tl signal within GM 
through intensity measurement of a voxel relative to the 
threshold intensity between GM and WM (termed 
relative intensity'; Fig. 8.9). 





Normal GM-WM transition 



GM-WM blurring 





FIG. 8.9. Schematic representation of models of: (A) cortical thickness; (B) blurring of gray matter (GM) - white matter (WM) transition; and 
(C) relative intensity in focal cortical dysplasia. A. A small region of cortex and adjacent WM (box) is represented and magnified. To model 
cortical thickening, each voxel (dot) in the MRI volume was used as the starting point for GM counting performed in each discrete direction. 
B. To model GM-WM transition, the absolute gradient of gray level intensities was calculated in a cube centered on each voxel. Examples of 
regions of interest with normal GM-WM transition (left) with a steep gradient and blurred GM-WM transition (right) with progressive gradient are 
schematically represented. C. The gray level intensities signal within the FCD lesion was modeled by calculating the absolute difference between 
the intensity of a given voxel and the intensity at the GM-WM boundary Bg as defined by the image histogram. This allowed the relative posi- 
tion of each voxel to be calculated with respect to Bg. 
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FIG. 8.10. A representative example of a lesion of focal cortical dysplasia in the frontal lobe (arrow). The maps show increased gray matter 
(GM) thickness and lesion intensity, and a reduction in the gradient. The ratio map (GM thickness x relative intensity/gray level intensity gradient) 
enhances the contrast and maximizes lesion visibility. 



To maximize visibility of FCD lesions, the three feature 
maps were combined into a composite map (Fig. 8.10). Our 
results showed that the composite maps yielded a signifi- 
cantly increased sensitivity of lesion detection relative to 
conventional MRI (88% vs 50%) by maintaining high speci- 
ficity (95% vs 100%). In this work we demonstrated for the 
first time in a controlled fashion that the application of 
computer-based models of the MRI characteristics of FCD 
pathology could significantly improve the sensitivity of 
lesion detection. 

After demonstrating that our method could be improved 
by incorporating more sophisticated models of the MRI 
characteristics of FCD pathology (37) (Fig. 8.1 1), we sought 
to develop an automated approach for the detection of FCD 
(106). We developed a two-stage, computer-based classifier 
to identify FCD lesions using morphologic and first-order 
features presented above (see Fig. 8.9) and second-order tex- 
ture analysis. Computational models of MRI characteristics 
of FCD provided visually discernible information, while 
second-order texture analysis was used to quantify less 
available information regarding tissue organization through 
the quantification of spatial relationships of gray-level inten- 
sity pairs (Figs 8.12, 8.13). We studied the preoperative MRI 



of 18 patients with histologically confirmed FCD. FCD was 
detected on conventional MRI during standard presurgical 
evaluation in 11 of the 18, resulting in a sensitivity of 61%. 
The classifier correctly identified FCD lesions in 15 of 18 
patients (83%). Representative examples are shown in 
Figure 8.14. 

In addition to the high sensitivity of lesion detection, 
another equally important result is that no lesional voxels were 
identified in any control subject. This finding is especially rel- 
evant in light of the fact that in five patients the classifier iden- 
tified a lesional cluster that did not colocalize with a manual 
lesion label. Retrospective visual analysis of the individual 
feature maps input revealed that these lesional clusters exhib- 
ited a pattern of features similar to the known FCD lesions. 
However, no EEG abnormalities data were found in these 
regions and retrospective visual inspection of these regions did 
not show any FCD. Furthermore, we found no clinical or 
histopathologic characteristics that would differentiate these 
five patients from the others. Yet the absence of any false pos- 
itives in control subjects, combined with reports of diffuse or 
nonfocal cortical involvement in FCD (1 10, 1 13, 1 14), suggests 
that these clusters may indeed indicate abnormal regions that 
are otherwise undetectable via conventional means. 
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FIG. 8.11. Improved contrast in focal cortical dysplasia models. Within each panel, the conventional T1 -weighted MRI is in the left-hand column, 
the original composite map set is in the middle column, and the improved composite map is in the right-hand column. Lesion locations are indi- 
cated on the conventional MRI by arrows. Intensity within nonlesional cortex is reduced in the improved composite map relative to the original 
composite map for all examples. 



The classifier improved upon our previous techniques by 
providing an automated, objective approach to lesion detec- 
tion. An advantage of 3D texture analysis, as well as the cor- 
tical thickness and gradient models among the first order 
features, is that they operate in three dimensions. This 
allows the simultaneous consideration of information from 
consecutive slices of the brain, whereas a human observer 
performing standard visual analysis examines the brain vol- 
ume a slice at a time and therefore must mentally synthesize 
information from consecutive slices. 

In a preliminary study of TLE patients with unilateral 
hippocampal atrophy texture analysis has been able to detect 
abnormalities in the contralateral hippocampus that were 
undetected by visual inspection of the MR images (108). In 
an attempt to lateralize the seizure focus in TLE patients with 
normal hippocampal and amygdalar volumetric MRI using 
texture analysis, we studied 26 TLE patients and 30 aged- 
and sex-matched control subjects. Leave-one-out linear dis- 
criminant analysis (with stepwise feature selection) trained 
on the MRI second-order texture data of the hippocampus 



and the amygdala allowed correct lateralization of the 
seizure focus in all patients. 

Our results indicate that texture analysis provides evi- 
dence for brain structural damage that is not evident through 
visual and volumetric analysis, and suggest that this tech- 
nique could be a powerful tool for lesion identification 
in focal epilepsy related to malformations of cortical devel- 
opment and particularly in patients with no detectable 
structural lesion, so-called 'MRI-negative' or cryptogenic 
cases. 



FUTURE DIRECTIONS 

Widespread availability of powerful computing facilities 
and sophisticated image processing software, combined 
with the high spatial resolution and excellent tissue contrast 
provide by high-field MRI, will probably continue to expand 
the power of image processing. There is little doubt that this 
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GM thickness map 




Segmented map 



GMA/VM/CSF/transition zones 
segmented map 





Manual lesion label on MRI 6-class segmented map 

FIG. 8.12. Automatic classification of focal cortical dysplasia. A. T1-weighted MRI volumes are segmented into gray matter (GM), white matter 
(WM), and CSF, resulting in a GM/WM/CSF segmented map, which is used as a basis for measuring cortical thickness. B. The GM/WM/CSF 
segmented maps are further segmented into more classes for use in training the classifiers. GM/WM and GM/CSF transition classes are defined 
by analyzing a neighborhood of a fixed size surrounding each voxel within the segmented. A voxel is determined to belong to the GM/WM tran- 
sition class (yellow) if at least 30% of neighboring voxels are GM and at least 30% of neighboring voxels are WM. A similar algorithm is used 
for the GM/CSF transition class. The result is a segmented map exhibiting the five following classes: GM, WM, CSF, GM/WM transition, and 
GM/CSF transition (GM/WM/CSF/transition zones segmented map). C. Lesions of focal cortical dysplasia are manually segmented on T1- 
weighted MRI (left). Adding the lesion labels to the GM/WM/CSF/transition zones segmented map results in a six-class segmented map (right). 
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FIG. 8.13. Automatic classification of focal cortical dysplasia: construction of second-order texture maps. A. A region of predetermined size is 
constructed around each voxel (center circle in the schematic magnification). Within this region, the number of occurrences of the various pairs 
of voxel-intensities separated by a given distance in a given direction (sample pairs indicated by arrows) is counted to produce a co-occurrence 
matrix. Second-order texture feature operators are then calculated on the co-occurrence matrix. The entire MRI volume is examined using this 
procedure. B. Representative axial slices from second-order texture maps used to construct the automated cl 



increasing sophistication will improve our understanding of 
the causes and consequences of epilepsy, possibly by com- 
bining different quantitative structural imaging methods 
described above. Structural imaging results will lay founda- 
tions for subsequent investigation of targeted electrophysio- 
logic measurements, neurochemical and physiologic 
imaging assessments, including measures of synaptic markers 
(PET and SPECT imaging) or functional imaging (fMRI, 
MR spectroscopy, and PET). 

Longitudinal studies using these novel and sensitive auto- 
matic MR-based methods may serve as a basis for modeling 
disease progression. The few longitudinal studies published 
so far have relied on operator-dependent methods (115-117). 
Improvements in the accuracy in data registration and the use 
of fully automated techniques are critical to this area of 
research. Ultimately, any MRI lesion has to be correlated 
with the other parameters ensuing from a comprehensive 
pre-surgical evaluation. 

Some of the general problems related to imaging analysis 
methods such as reproducibility, low spatial resolution, long 
processing time, and availability of sufficient computer 
power are being increasingly overcome and will allow their 
widespread use. Therefore, as for volumetric MRI measure- 
ment of the hippocampus, it is conceivable that some of the 



methods discussed above will be usable in routine clinical 
practice in the near future. 



SUMMARY AND CONCLUSIONS 

Acquisition techniques with gradient-echo techniques 
allow for an improved signal-to-noise ratio, whole brain 
coverage with thin slices in times compatible with clinical 
examinations, and minimal partial volume effects. The 
impact of this improved imaging data, when combined with 
new image processing techniques, is very promising. 

The necessity for obtaining high reproducibility and the 
need to increase efficiency has motivated the development 
of computer-assisted automated procedures. These tech- 
niques are promising because, unlike visual assessment, they 
provide reliable, consistent, and reproducible data, and are 
easy to automate. 

These techniques have the potential to reveal more 
clearly the nature, location, and extent of brain abnormali- 
ties and could eventually improve diagnostic yield, leading 
to further reduction in the requirement for invasive EEG 
recording and in the number of patients diagnosed with 
cryptogenic epilepsy. The abundance of techniques available 
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FIG. 8.14. Automatic classification of focal cortical dysplasia. Three examples (A-C) of automated focal cortical dysplasia lesion identification. 
Left: T1 -weighted MRI. Center: MRI with manual lesion label shown in blue. Right: MRI with lesion identified automatically by the classifier shown 
in yellow. 



to researchers makes it difficult to predict which image pro- 
cessing techniques will have an actual impact on the clinical 
practice. It is fundamental to bear in mind that the clinical 
input is determinant in deciding which features to investi- 
gate and which technique may be most useful. 

By demonstrating diffuse abnormalities not identified by 
eye because of anatomic variability and the subtle nature of 
the changes, the information provided by novel image pro- 
cessing methods may prove to be useful to predict seizure 
outcome of surgical resection by demonstrating a more 
widespread abnormality of the brain. Even if the sensitivity 
of these techniques turns out not to be better but only equal 
to the manually segmented volumes, their application would 
represent a great improvement in procedures, since these 
methods are automated and objective. So far, many of these 
methods have been applied to population-based studies, 
allowing a better and more global understanding of the dis- 
ease. In the future, these novel techniques should be tailored 
to provide information in individual patients, making their 
impact more relevant at a clinical level. 



These quantitative methods will further enhance our 
ability to push the limits of the never-ending search for 
'invisible' lesions and significantly improve the selection of 
patients for seizure surgery. Although some methods are 
relatively well established, others are in their infancy. It is 
hoped that these new techniques ultimately will become 
more widely available and permit lesion identification in 
many more patients being evaluated in specialized centers. 
Such studies could result in new predictors for the treatment 
of epilepsy by allowing studying the relationship between 
subtle anatomic changes and clinical symptoms, cognitive 
signs and response to treatment. 
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CHAPTER 9 



Imaging and Neuropsychology 



Michael M. Saling 



NEUROPSYCHOLOGY IN EPILEPSY 

In the modern neuroscientific era, a very close interplay 
between neuropsychological model building and neuroimag- 
ing is developing. It is the underlying thesis of this chapter 
that cognitive architecture has an impact on patterns of 
activation observed during functional neuroimaging and on 
patterns of correspondence between structural MR measures 
and task performance, or correlations between resting glucose 
metabolism on PET and out-of-scanner task performances. 
In order to contextualize the argument, this chapter provides 
a conceptual introduction to the neuropsychology of focal 
epilepsy, with an emphasis on memory and language func- 
tion, and I then move on to consider the significance of func- 
tional neuroimaging on neurocognitive model building in 
this field. Finally, I present some views on preoperative 
evaluation and decision making from a neuropsychological 
perspective. In this respect, too, neuropsychology and neuro- 
imaging are natural allies, and the interaction between them 
is central to the approach outlined here. 

Neuropsychology, as it name suggests, is an interdiscipli- 
nary field with two major aims. The first is to understand 
how psychological domains such as perception, language, 
cognition, and action are represented in, and regulated by, 
the normal brain. Much use has been made of the time- 
honored lesion method for the purpose of 'fractionating' 
psychological processes into fundamental components, and 
then demonstrating a double dissociation between lesion 
location and component functions (1). A well-known ex- 
ample is the fractionation of memory into immediate (primary) 
and recent (secondary) components. Bilateral mesial tem- 
poral lesions produce recent memory disorders with preserva- 
tion of immediate memory (2). Left temporoparietal lesions 
have the opposite effect (2, 3). Double dissociations of this 



type disclose the architecture of neurocognitive systems, pro- 
vide important insights into the cerebral representation of 
complex functions, and allow for the localization of damage 
on the basis of well characterized cognitive disorders. High- 
resolution structural neuroimaging makes it possible to 
define brain lesions and cognitive function contemporane- 
ously, opening up a new era of structurofunctional correla- 
tion in neuropsychology. Functional neuroimaging has been 
recruited with enthusiasm to address the question of cerebral 
representation without the need for drawing inferences from 
lesioned to normal brain. 

A second aim of neuropsychology is to describe neuro- 
logic diseases in terms of their impact on psychological func- 
tion, for the specific purpose of expanding clinical knowledge 
in the form of a neuropsychological syndromology. Neuro- 
psychology has played a major role in differentiating, inter 
alia, primary dementias or stroke syndromes, and these broad 
directions are also reflected in neuropsychological approaches 
to the focal epilepsies. 

Systematic neuropsychological study of patients with 
cerebral disease or injury preceded the advent of neuroimag- 
ing by several decades. The principal methodology was the 
lesion method. It involved careful description (qualitative 
and quantitative) of cognitive and behavioral change that 
was then correlated with anatomic pathology. It soon 
became clear that neuropsychological methods were able to 
localize lesions in the major associative cortices, previously 
considered to be 'silent.' The earliest application of neuro- 
psychology to the field of focal epilepsy was based on the 
localizing significance of neuropsychological findings, 
underpinned by the seminal work of Brenda Milner and her 
colleagues at the Montreal Neurologic Institute (4). The 
development of technology that allowed the substance of the 
brain to be imaged, or regional cerebral function to be 
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disclosed with a high degree of anatomic resolution, had a 
large and fundamental impact on the clinical neurosciences, 
and neuropsychology was no exception. Neuropsychologists 
rapidly embraced functional neuroimaging, and cognitive 
science has magnified the scope of functional neuroimaging 
to include, among other things, the very real possibility of 
clinical applications for cognitive activation techniques. 

One of the most robust findings in neuropsychology is 
that bilateral damage of the hippocampi causes profound 
memory impairment, that is, amnesia (2, 5). The key charac- 
teristic of amnesic states is a failure to encode personal 
events and therefore the passage of time itself. The seminal 
case in the field of epilepsy is the famous HM (6). 
Conversely, it is well accepted that unilateral hippocampal 
damage causes a more restricted form of memory loss (7). 
Here the individual retains the ability to lay down personal 
memories and it therefore retains an ongoing and temporally 
coherent autobiographical record. Against this background, 
however, the affected individual has trouble learning new 
information that is exclusively represented in one symbolic 
framework or another. In the case of left mesial temporal 
damage, verbal information is difficult to acquire. Written or 
spoken information is forgotten. Right mesial temporal dam- 
age diminishes the ability to remember information that is 
inherently spatial. These difficulties represent the material 
specific impairments, and are commonly encountered in the 
field of temporal lobe epilepsy. Importantly, material that can 
be represented in more than one way can ameliorate the 
effects of a material specific memory disorder. This means, in 
turn, that the proper assessment of material specific disorders 
depends on theoretically and empirically well-targeted probes. 



UNDERSTANDING MEMORY FUNCTION: A 
MODEL FOR THE FOCAL EPILEPSIES 

Cognitive Architecture of Memory 

The domain that we refer to as 'memory' is made up of 
multiple cognitive processes, some of which function in a 
surprisingly autonomous fashion. Neuropsychological evalu- 
ation of temporal lobe epilepsy deals predominantly with the 
declarative memory system and the interplay between its vari- 
ous components (5). The property that sets the declarative 
memory system apart is that its contents are amenable to con- 
scious access. We are able to think about them, talk about 
them, or manipulate them in the spotlight of full awareness. 
Two broad systems contribute to declarative memory, prim- 
ary and secondary. Primary memories are processed by a 
capacity-limited mechanism that can only contain as much 
information as can be held simultaneously in conscious 
awareness (one or two sentences, a single arithmetic prob- 
lem, or a short list of separate items). The contents of primary 
memory decay rapidly (within seconds) to make way for the 
next items in the continuous stream of information that enters 
awareness. Decay of specific primary memory content can be 



suspended if that content is actively manipulated. Reciting a 
string of incoming digits in reverse order is a good example 
of this. Active manipulation of the contents of primary 
memory is referred to as working memory. Primary memory 
forms the basis of ongoing awareness, production and 
comprehension of language, and reasoning. It is an 'on-line' 
processing system, and is mediated by neocortex. 

The retention of information for more than a few seconds 
(anything from minutes to years) depends on the secondary 
memory system. To all intents and purposes its capacity is 
unlimited. It consists of two components, episodic and 
semantic (8, 9). The episodic system forms memories that are 
unique to the individual, define individual life histories, and 
ultimately contribute to the sense of self. Personal memories 
are context-specific. In other words, personal memories are 
inextricably bound-up with a specific chronologic point in 
the individual's history, a specific place, and a specific emo- 
tional state. The event and its associated spatiotemporal and 
emotional context technically constitute a memory episode. 
Amnesia is a disturbance of episodic memory. From a neuro- 
logic point of view, episodic memory is fundamentally 
dependent on mesial structures that include the hippocampal 
system and its diencephalic and cingulate projections (2). 

By contrast, the semantic memory system is impersonal. 
It is a permanent store of our knowledge of the natural, con- 
structed, and sociocultural world, that is, our stock of facts 
and meanings. The content of semantic memory is not spe- 
cific to the individual but to a greater or lesser extent is held 
in common by all human beings. No particular significance 
attaches to the contexts in which the information was 
acquired. Unlike the 'one-off acquisition of episodic mem- 
ories, semantic memories are acquired by repetition and 
slow accretion over multiple contexts (think for example of 
the acquisition of vocabulary). Accordingly, semantic mem- 
ories are not stored together with contextual information and 
are therefore context-independent. The neurologic substrate 
of semantic memory is an extensive neocortical network 
(10). Semantic memory is fundamentally preserved in 
amnestic disorders caused by focal midline lesions, but the 
neurologic substrates of episodic and semantic memory 
might interface in the anteromesial temporal region (11). 

By virtue of their sheer magnitude, the stored contents of 
episodic and semantic memory are maintained below the 
level of awareness until they are specifically retrieved and 
temporarily held in working memory. Consider the follow- 
ing examples: 

• When a person is asked to recite the months of the year 
in reverse order, stored knowledge of the names of the 
months and their chronologic order is retrieved from 
semantic memory and held in primary memory where the 
operation of reversal is performed 

• When asked to recall the guests who attended a wedding, 
the context-specific event is retrieved from episodic 
memory and surveyed in working memory until the 
question has been answered. 
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Interactions of this type are mediated by projections 
between posterior association cortex and dorsolateral pre- 
frontal cortex (in the case of retrieval from semantic mem- 
ory), and those between the hippocampal system and 
dorsolateral prefrontal cortex (in the case of retrieval from 
episodic memory). 

Fundamental to our approach to the evaluation of mem- 
ory in temporal lobe epilepsy is the notion that the episodic 
and semantic systems operate in an associative or relational 
fashion (12). An episode is formed when an event is associ- 
ated with a spatiotemporal and emotional context. The event 
itself is a complex of individual components that must be 
associated with one another if the event is to be remembered 
as nonfragmented. Similarly, an item of vocabulary is an 
association between a symbol (word) and the object it signi- 
fies, to take a semantic example. It can be said that associa- 
tive or relational processing is the building block of the 
declarative memory system (5). 



Arbitrary Associative Learning: A Third Component 

Thus far I have presented a fairly conventional dichoto- 
mous view of secondary memory. In the assessment setting, 
neuropsychologists elicit secondary memory function by 
asking to patient to learn and retain a body of new informa- 
tion, the quantity of which exceeds the capacity or span of 
primary memory. Practically, this involves the presentation 
of words lists, test, geometric configurations, faces, or pic- 
tures of objects that are to be learned and recalled. New 
learning paradigms are often regarded as tapping episodic 
memory. In my view, new learning of this type does not con- 
form to the special nature of episodic memory. The use of 
new learning paradigms in neuroimaging research in an 
attempt to reveal the functional neuroanatomy of episodic 
memory has led to a confusing picture. 

Further, new learning paradigms do not fit entirely with 
the notion of semantic memory. Some of the material that 
makes up new learning tasks has features in common with 
previously established semantic links. Consider the follow- 
ing word pair bird-pelican. Remembering this pair is greatly 
assisted if one knows that a pelican is a bird. Nevertheless, 
the pair could equally have been bird-dove or bird-eagle. In 
this sense the pairing bird-pelican is arbitrary. The success- 
ful acquisition of a list of category-exemplar word pairs 
therefore depends on prior semantic memories as well as the 
capacity to absorb the essentially arbitrary aspects of the list. 
The semantic component in a word pair can be reduced 
almost completely, as in a pair such as desk-lake. To learn a 
list of randomly conjoined pairs, the individual must now 
rely heavily on what amounts to a rote process, which I 
term arbitrary associative learning. I propose that the sec- 
ondary memory system requires a third component, which is 
responsible for the rapid uptake of links or relations that have 
yet to be established in episodic or semantic memory, or which 
might conflict with pre-established knowledge. 



Context 
important 

FIG. 9.1. An alternative view of the declarative memory system. 



A further example may serve to show the generality of 
this idea. In anticipation of the imminent arrival of guests, 
the host hurriedly tidies the sitting room by hiding objects in 
the nearest and easiest-to-get-at location. In order to remem- 
ber where those things are when the guests have left, the 
host must encode an association between object and tempor- 
ary location. This association is novel in the sense that a 
pre-established basis for placing a particular object in a par- 
ticular temporary place does not exist. Arbitrary associative 
learning provides basic relational input to the episodic and 
semantic systems (Fig. 9.1). This concept is fundamental to 
our view of the temporal lobe organization of memory and 
the application of our model to the neuropsychological 
evaluation of temporal lobe epilepsy. 



FUNCTIONAL NEUROANATOMY OF 
DECLARATIVE MEMORY 

Research in this area is expanding rapidly, and space does 
not permit an exhaustive treatment. I will simply tease out 
some fundamental trends that I consider important for the 
approach being elaborated here. 



Primary Memory and its Intersection with Language 

As mentioned previously, primary memory (including 
working memory) is a neocortical function. Cognitive mod- 
els of working memory portray it as a complex hierarchical 
system or systems (1). Whether there is a single working 
memory system that subserves all cognitive domains (lan- 
guage, spatial cognition, and the like), or a separate working 
memory system for each domain (modular organization of 
cognition), is controversial. The essential point is that work- 
ing memory in its entirety must be represented in the brain 
in a widely distributed fashion. 

A great deal of the research effort in the functional neuro- 
imaging of cognition has been devoted to working memory. 
Language paradigms are now being used with increasing fre- 
quency in the preoperative evaluation of surgical candidates 
with intractable focal epilepsies, possibly even rivaling the 
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Wada technique in the language lateralization (see Chapter 
10). One commonly used paradigm, letter fluency, has a 
complex cognitive architecture, which includes a substantial 
working memory component. As words are generated, the 
patient has to hold these in a primary memory store and mon- 
itor this stock of responses for repetitions and other rule 
breaks (13). Letter fluency activates a number of specific cor- 
tical regions that reflect the linguistic components of the task. 
Like many other working memory paradigms, it also activates 
the left middle frontal gyrus, corresponding with Brodmann 
areas 9 and 46 (i.e. in dorsolateral prefrontal cortex; Fig. 9.2). 
While it would be a mistake to assume that the working 
memory system is fully 'located' in the dorsolateral pre- 
frontal cortex, it is not unreasonable to regard this region as 
a nodal coordinating locus of a widely represented working 
memory network (14). Left dorsolateral prefrontal activation 
in response to letter fluency tasks can be thought of as reflect- 
ing the working memory basis of language, and therefore 
has language lateralizing significance. Our group has shown 




FIG. 9.2. Left dorsolateral prefrontal and anterior cingulate activa- 
tion produced by a letter fluency task. 



that there is a close correspondence between the pattern of 
activation produced by letter fluency tasks and that produced 
by noun-verb generation tasks. 

Dorsolateral prefrontal cortex is likely to be the neural 
substrate, at least in part, of the so-called executive or super- 
visory component of working memory. Executive function, 
as the term implies, involves the control of lower level func- 
tions, and therefore deals with allocation of processing 
resources, as well as the planning and modulation of cogni- 
tive processes. It is important to note, in the present context, 
that executive function also underlies retrieval of informa- 
tion from the secondary memory system (see below). 
Retrieval processes are resource intensive, and proceed on 
the basis of an ongoing record of what information has or 
has not been accessed at any point in the process. 



Secondary Memory 

Functional neuroimaging research on memory has been 
colored by the assumption that new learning tasks are 
necessarily processed via the episodic system, and should, 
therefore, elicit hippocampal activation. A survey of this lit- 
erature reveals that activation of the hippocampus proper is 
seldom observed, but parahippocampal or fusiform activa- 
tion is more common (15). This, in turn, has spawned the 
view that the hippocampus is not critically involved in 
episodic memory, despite decades of lesion research that 
suggest the opposite. Recent work has shown, however, that 
paradigms tapping recall of truly personal memories in spa- 
tiotemporal and emotional context do activate hippocampus 
proper (16). New learning paradigms, such as verbal paired 
associate learning, activate structures in the parahippocam- 
pal region but not the hippocampus proper. In other words, 
there appears to be an intratemporal anatomic dissociation 
in normal studies that parallels the cognitive distinction I 
have drawn between 'episodic' and 'new learning' systems. 

In a recent PET study (17) with [ 15 0]H 2 0 to measure 
regional cerebral blood flow, we found that arbitrary paired 
associate learning activates a left hemisphere network involv- 
ing parahippocampal region, fusiform gyrus, and dorsolateral 
prefrontal cortex. Amongst these regions the change in left 
parahippocampal regional cerebral blood flow was the most 
prominent, and extended along the rostrocaudal axis of the 
region to involve perirhinal cortex. The hippocampus proper 
did not activate. It seems likely, then, that structures within the 
parahippocampal region (entorhinal cortex, perirhinal cortex, 
and posterior parahippocampal cortex) constitute a processing 
node for arbitrary associative learning. 



DISORDERS OF SECONDARY MEMORY IN 
TEMPORAL LOBE EPILEPSY 



In most cases the neuropathology of temporal lobe epilepsy 
has a unilateral emphasis, and intractable seizures are often 
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relieved by unilateral anterior temporal lobectomy. Largely 
on the basis of postresection findings, Brenda Milner and 
her colleagues demonstrated a double dissociation between 
material (i.e. whether the memory task is verbal or spatial in 
nature) and laterality of the resection (left versus right): right 
temporal resections produced impairments in nonverbal or 
visuospatial memory (with preservation of verbal memory) 
(18), and left temporal resections produced impairments in 
verbal memory (with preservation of nonverbal memory) 
(7). This came to be known as the material-specificity 
hypothesis (7). Importantly, verbal- specific and visuospatial- 
specific disorders are fundamentally impairments of new 
learning. Episodic memory remains intact. It is only when 
both mesial temporal regions are disrupted that episodic 
memory is profoundly impaired. In other words, bitemporal 
damage is necessary for the clinical phenomenon of am- 
nesia, as the case of HM demonstrated so vividly. 

The material-specificity model and the bitemporal model 
of amnesia formed the basis of neuropsychological practice 
in temporal lobe epileptology (19). While there have been no 
convincing exceptions to the bitemporal model of amnesia, 
the material-specificity model, at least in its strong form, has 
required some modification (20). Interpretation of postlobec- 
tomy findings in anatomocognitive terms is difficult because 
multiple structures are involved. En bloc anterior temporal 
lobe resection removes not only sclerotic hippocampal tissue 
but also amygdala, parahippocampal region, and lateral tem- 
poral cortex. Some early attempts to identify the anatomic 
basis of material-specific memory impairments were based 
on relationships between the extent of resection of hippo- 
campal or neocortical tissue and memory performance. 
Ultimately this correlative approach was limited by the fact 
that the extent of resection was often dictated by the nature 
and extent of epileptogenic pathology, and that the extent of 
mesial and lateral resection is itself interrelated. 

Reliable MR visualization of hippocampal sclerosis (21) 
provided a new opportunity to study the impact of well later- 
alized epileptogenic lesions on material- specific memory 
impairments at the preoperative stage when neuropsycholo- 
gical decision making is most needed. The following sections 
summarize some trends that have emerged from preoperative 
research. 



Visuospatial-specific Impairments and Right 
Hippocampal Sclerosis 

The association between right hippocampal sclerosis 
and visuospatial memory impairment is not as robust as the 
material-specificity hypothesis predicts (22). While some 
patients do perform poorly on tasks that involve the acquisi- 
tion of topographic or figural information, these impairments 
are also seen in cases with left hippocampal sclerosis, making 
it difficult to discriminate between left and right hippocampal 
sclerosis groups on the basis of visuospatial memory impair- 
ments (23). Some visuospatial tasks do appear to discriminate 



between left and right hippocampal sclerosis. There are 
preliminary indications that tasks involving navigation 
through simulated three-dimensional environments are more 
closely related to right hippocampal function (24) and might 
eventually form a valid basis for interrogating this region 
in TLE. 



Verbal-specific Memory Impairments and Left 
Hippocampal Sclerosis 

The link between verbal-specific memory impair- 
ments and left hippocampal sclerosis is considerably more 
reliable (25-30) but not as straightforward as was previously 
supposed (20, 25, 26, 30, 31). Like language, verbal mem- 
ory is hierarchically organized. It extends from the encoding 
of single letters to the recall of complex narrative. Much of 
the previous (and some contemporary) research is predi- 
cated on the assumption that verbal memory is unitary; that 
is, there is no real distinction between learning a random 
string of words, for example, or recalling grammatically 
complex text. In terms of this view, a lesion that disrupts one 
aspect of verbal memory will disrupt all other aspects. Also 
in line with this unitary view, verbal memory is often quan- 
tified as a global index that summates performance over a 
number of different verbal memory tasks (e.g. word list 
learning, verbal paired associate learning, and recall of nar- 
rative). The origins of this procedure lie in a psychometric 
notion that correlation means identity. For some clinical pur- 
poses such as documentation of impairment in diffuse dis- 
orders (moderately advanced dementia or closed head 
injury) the summation of different memory tests might serve 
us quite well. In the detection of focal impairment, however, 
the unitary view has led to insensitivity at the diagnostic 
level, and has obscured what we now believe to be a high 
degree of specialization within the temporal lobe (30-33). 

Comparison between groups of TLE patients with MR- 
documented and pathologically confirmed right or left 
hippocampal sclerosis has confirmed that verbal memory 
impairments are selectively related to left-sided damage. 
This association, however, does not apply to all forms of 
verbal memory. There is a marked and robust impairment of 
memory for arbitrary paired associates in left hippocampal 
sclerosis, and this paradigm reliably differentiates left from 
right hippocampal sclerosis (30). Memory for semantically 
related paired associates, text, or lists of single words, on the 
other hand, shows small left-right effects in some samples 
of patients but not in others. When an effect is present it is 
secondary to language factors (34, 35). The latter group of 
tasks are either explicitly semantically structured (related 
word pairs or text), or susceptible to the imposition of 
semantic structure in the course of learning (single word 
lists). In either case, pre-established semantic relations 
support learning. Semantically structured tasks, however, 
decline selectively after anterior temporal lobectomy, which 
imposes an additional neocortical lesion, and show prominent 
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left-right effects postoperatively. Arbitrary associative learning 
shows no further change after temporal lobe resection (35). 

The following general picture emerges from the lesion 
studies: arbitrary associative learning appears to be primarily 
dependent on mesial temporal structures as evidenced by its 
sensitivity to the effects of mesial temporal damage. 
Semantically structured tasks seem to be more dependent on 
neocortical structures, as suggested by a drop in performance 
after anterior temporal lobectomy. Thus, preoperative lateral- 
ization of verbal memory is task-specific (30) while lateral- 
ization of verbal memory after left en bloc anterior temporal 
lobectomy is not (35). 

Computational modeling suggests that that the brain 
must represent semantically structured and newly acquired 
arbitrary information in nonoverlapping neural substrates to 
protect semantic networks from catastrophic interference 
(36). The convergence of this notion and the differential 
impairment of arbitrary and structured forms of verbal mem- 
ory caused by left hippocampal sclerosis and lateral tem- 
poral damage are consistent with the hypothesis that 
there is intratemporal specialization in the regulation of 
verbal memory. 



Left Temporal Specialization: The Contribution of 
Functional Neuroimaging 

This hypothesis carries important implications for the 
preoperative evaluation of TLE and the prediction of 
postoperative changes in verbal memory. Nevertheless, it is 
difficult to demonstrate intratemporal specialization in a 
compeling fashion in the context of lesion methodology 
because naturally occurring epileptogenic pathology in the 
temporal lobe usually encompasses a number of regions. 

In order to test the hypothesis we exploited the finding that 
mesial temporal foci are associated with variable patterns of 
resting glucose metabolism (37). Since cerebral glucose 
metabolism reflects neuronal function, variations in glucose 
uptake provide an ideal substrate for correlational mapping of 
cognitive processes. Our approach was to correlate measures 



of arbitrary or semantically related verbal paired associate 
learning with resting 18 fluorodeoxyglucose uptake in a 
PET environment in a sample of patients with left TLE 
and MR evidence of well lateralized ipsilateral hippocampal 
sclerosis. 

The key finding was a dissociation between temporal 
region and task property (arbitrary versus semantically struc- 
tured associates): arbitrary associative learning correlated 
with glucose uptake in the left perirhinal region (Fig. 9.3), 
while learning of semantically related paired associates 
correlated with uptake in the left anterior inferior temporal 
neocortex (Fig. 9.4). No peak correlations were found in the 
hippocampus proper. 

Regression modeling revealed that arbitrary associative 
learning was predicted solely by glucose uptake in the left 
perirhinal region. Semantically structured associative learning 
was predicted primarily by uptake in left anterior inferior tem- 
poral neocortex and secondarily by uptake in the ipsilateral 
perirhinal region. This is encapsulated in the model depicted 
in Figure 9.5. 



Mesial Temporal Pathology and Arbitrary 
Associative Learning 

The role of the hippocampus in the regulation of new 
learning has been emphasized to the exclusion of other 
mesial temporal lobe structures. This parallels the emphasis 
on the hippocampus as the primary generator of epileptic 
activity in TLE. Greater attention is now being devoted 
to the study of cell loss in entorhinal, perirhinal, and 
parahippocampal cortex. Recent findings show that volume 
loss in TLE is not restricted to the hippocampus, but is also 
seen in entorhinal, and perirhinal cortex (38). As mentioned 
above, functional neuroimaging studies of memory show 
that new learning tasks typically activate sites in the para- 
hippocampal region, and a number of lines of evidence now 
suggest that the anterior portion of the parahippocampal 
region (entorhinal and perirhinal cortices) are crucial 
substrates for associative learning (39-43). 




FIG. 9.3. Peak correlation between arbitrary paired associative learning and glucose uptake in the perirhinal region. (With permission from 
Weintrob et ai. 2002 (32).) 
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FIG. 9.4. Peak correlation between semantically related associative learning and glucose uptake in anterolateral temporal neocortex. (With 
permission from Weintrob et al. 2002 (32).) 



A quantitative relationship exists between T2 relaxation 
times and measures of arbitrary new learning, such that 
increments in T2 signal are associated with worsening 
memory (33). This has been interpreted as a direct (and 
exclusive) effect of hippocampal cell loss. Given a positive 
relationship, however, between hippocampal and anterior 
parahippocampal cell loss, these findings might reflect 
broader mesial temporal involvement in arbitrary associative 
learning. 



Mesial and Lateral Memory Patterns in Left Temporal 
Lobe Epilepsy 

When memory disturbances in TLE are conceptualized in 
this way, it is possible to define reasonably distinctive pat- 
terns of memory impairment in patients with left temporal 
foci. The patterns described here are not purely theoretically 
derived, but are seen in the clinical setting. 



Left Mesial Temporal Lobe Epilepsy 

The underlying pathology is commonly mesial temporal 
sclerosis, often associated with characteristic anterior tem- 
poral lobe changes such as loss of differentiation at the 
gray-white junction, decreased Tl signal, and increased T2 
signal on MRI. As far as we know at this stage, the mesial 
temporal cell loss and gliosis is the key cause of the neuro- 
psychological features. Mild confrontation naming deficits 
are commonly seen, although these are seldom reflected at a 
conversational level: spontaneous language output is usually 
normal. The memory impairment is task-specific, with poor 



acquisition of arbitrary verbal material. Memory tasks with 
a significant semantic component are performed at normal 
or near-normal levels. Recall of visuospatial material is 
variable, but generally normal. 

From a functional point of view these patients have pre- 
served episodic memory, and are therefore well oriented and 
able to recall personal details. As far as daily information is 
concerned, they are able to recall broad outlines (such as the 
overall gist of a news item, conversation, or text) but have 
trouble in recalling specific details. These features are 
summarized in Table 9.1. It is worth noting that the distur- 
bances are less pronounced in the case of nonsclerotic and 
circumscribed epileptogenic lesions (some dysplastic 
lesions, cavernomas, or neoplastic changes), or generally in 
adult-onset seizures. 



Left Lateral Temporal Lobe Epilepsy 

Seizures of left temporal origin arise from a variety of 
pathologies. Developmental anomalies are frequently seen, 
and can be quite subtle. Neuropsychological impairments in 
this group are difficult to document preoperatively, but when 
present tend to show up as mild inefficiencies in language- 
based cognition, including inefficient recall of text and other 
forms of semantically structured information. Mesial tem- 
poral memory function is normal. 



Memory Patterns in Right and Bilateral Temporal Lobe 
Epilepsy 



Right Temporal Lobe Epilepsy 



Arbitrary association Semantically structured 

Medial temporal Lateral temporal 

FIG. 9.5. A neuropsychological model of verbal learning. 



Depending on the locus and nature of the underlying 
pathology, these patients exhibit a variety of impairments in 
visuospatial function, including poor learning and recall of 
topographic, figural, or facial information. Verbal memory 
is generally normal. Confrontation naming impairments 
are sometimes seen in patients with right mesial temporal 
sclerosis. 
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TABLE 9.1 . Neuropsychological Features of Left Mesial Temporal Lobe Epilepsy 



Neurocognitive Domain 



Clinical Features 



Impaired confrontation naming 

Memory 

Intact episodic memory 

Poor uptake of arbitrary associations 

Normal or near normal semantic memory; able to utilize 

previously established semantic knowledge to support 

new learning 
Variable but predominantly normal spatial memory 



o word-finding difficulties 



Fluent conversational language with minimal oi 
Able to recall contextualized personal events 



Able to recall general ideas, themes or gist: difficulty with recall of 
specific details 



Bilateral Temporal Lobe Epilepsy 

Bilateral mesial temporal sclerosis and independent 
bitemporal seizure foci are associated with material nonspe- 
cific or general memory impairments; that is, verbal and 
spatial memory is impaired. Functionally, these patients are 
unreliable in the recall of personal events and should be 
regarded as partially amnesic. General memory impairments 
are also seen in cases with long-standing unilateral temporal 
foci with prominent spread of seizure activity to the contra- 
lateral temporal lobe. 



PREOPERATIVE DECISION MAKING 

Neuropsychological investigation has been an important 
component of the presurgical work-up of patients with 
intractable TLE. The rationale for this type of investigation 
stems from the fact that temporal lobe structures involved in 
the genesis of epileptiform discharges are also crucial and 
nodal components of the memory network. Classically, the 
objective of neuropsychological assessment was twofold: 

• to assist in localizing seizure foci by demonstrating 
material-specific impairments 

• to anticipate dysfunction, and possibly significant 
structural damage affecting temporal lobe structures 
contralateral to the putative seizure focus, with the 
ultimate aim of avoiding a postoperative amnesic 
state. 

Advances in imaging technology have added to electro- 
encephalography the confirmatory power of characterizing 
epileptogenic tissue in terms of a number of neurobiologic 
dimensions such as changes in volume, cellular reactivity, 
interictal metabolism, and local hypoperfusion during the 
ictus. As a result, the risk of performing a temporal lobe resec- 
tion in the presence of an abnormal contralateral temporal 
lobe has been minimized. In the light of precise imaging one 
might even be tempted to consider whether temporal lobe 
resection in the presence of biologically minor contralateral 



abnormalities is as undesirable as was previously thought. 
Nevertheless, the measurement of structural, metabolic, 
blood flow, or electrophysiologic changes cannot substitute 
for the direct characterization of memory or other cognitive 
functions. 

As much of this chapter has illustrated, neuroanatomic 
concepts of memory are still evolving. It is unlikely that the 
structural basis of memory in the temporal lobe has been 
fully explored and conceptualized. The relationship of neuro- 
biologic markers to cognitive function is complex, particu- 
larly with respect to the issue of reorganization of function 
in the face of neurologic disease. The contribution of par- 
tially damaged tissue, whether sclerotic or dysplastic, to the 
integrated operation of memory is not well understood. 
Finally, the specifics of neuropsychological outcome after 
surgery cannot be predicted on the basis of neuropathologic 
factors alone. The combination of neurocognitive evaluation 
with structural or functional imaging (including cognitive 
activation studies), forms the basis of our approach, and 
has led to reduced reliance on amobarbital for studies of 
language and memory lateralization. 



The Problem of 'Incongruous' Memory 

For a number of decades preoperative evaluation has been 
heavily driven by the strong form of the material-specificity 
hypothesis. In terms of this model, right temporal foci should 
be associated with impaired visuospatial memory and intact 
verbal memory, while the reverse should be true in left 
temporal foci. Deviations from this pattern are regarded 
as incongruous, and are often thought of as preoperative 
complications, perhaps raising the question of bitemporal 
involvement. It is becoming clear that lateralization of mem- 
ory function is more complex than the double dissociation 
predicted by the strong form of the material-specificity 
hypothesis. Incongruity in the pattern of memory break- 
down is not necessarily of concern, but the issue should be 
approached with caution on a case-by-case basis. Decision 
making is often blurred when theoretically unfocused and 
poorly targeted measures are used. 
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It is now well accepted that cases with early-onset 
seizures, definite unilateral mesial temporal sclerosis, extra- 
hippocampal atrophy of the ipsilateral temporal lobe, and a 
moderate to severe material-specific impairment of memory 
function (congruent with the affected side) are at least risk 
for postoperative memory impairments after a standard an- 
terior temporal lobectomy. Conversely, cases with very mild 
unilateral mesial temporal sclerosis and very mild or no 
material-specific memory impairment are highly likely to 
experience a postoperative drop in memory. This principle 
applies equally to left- or right-sided foci. There are, how- 
ever, some considerations that are specific to the side of the 
focus. 



Right-sided Foci 

In cases with a right-sided focus and well defined ipsi- 
lateral hippocampal sclerosis, the presence of impaired 
arbitrary verbal associative learning raises the question of 
bitemporal involvement. The base-rate of this pattern in 
purely right mesial temporal sclerosis is low. On the other 
hand, impairments in semantically structured forms of verbal 
memory are not as suggestive because impairment of this 
type do occur in right-sided cases. When mesial temporal 
sclerosis is mild and visuospatial memory is entirely normal, 
the possibility of postoperative difficulties in remembering 
new faces, learning new routes, or recalling diagrammatic or 
architectural information should be considered. 



Left-sided Foci 

Most cases with a left-sided focus and definite ipsilateral 
mesial temporal sclerosis will exhibit impaired verbal mem- 
ory, the key feature of which is abnormal arbitrary associa- 
tive learning. Some of these cases also exhibit impairments 
in one or more aspects of nonverbal memory. Because the 
base-rate of the latter finding on standard testing is reason- 
ably high in the presence of a normal right hippocampus, it 
does not necessarily constitute evidence of a general mem- 
ory impairment and is not an automatic contraindication 
to a left anterior temporal resection. We occasionally 
encounter a rather different pattern in cases with severe left 
hippocampal sclerosis: arbitrary verbal associative learning 
is normal but visuospatial memory is severely impaired. One 
interpretation is reorganization of verbal memory function, 
possibly to the contralateral hemisphere, with 'crowding 
out' of the resident function (namely, visuospatial memory). 
Alternatively, it might suggest that the parahippocampal 
region is unaffected, and that verbal memory is being sup- 
ported at an entorhinal or perirhinal level. At this stage of 
our knowledge, a pattern of this type should prompt careful 
study of the parahippocampal region. If this is abnormal, 
then reorganization, or even interhemispheric transfer, might 
be a viable hypothesis. 



FUTURE DIRECTIONS 

The work discussed here suggests that there is an essen- 
tial complementarity between functional neuroimaging 
approaches to cognition in focal epilepsy and the lesion 
method that has long formed the basis of neuropsychology: 
both are capable of fractionating or dissociating neuro- 
cognitive systems. The use of neuroimaging in this way 
is predicated on two assumptions: 

• tasks with differing cognitive architectures are capable of 
producing reliably different patterns of activation 

• there is an invariant relationship between the various 
cognitive subcomponents of a task, and their neural 

substrates. 

The first assumption has been seriously challenged by the 
well-known fact that a bewildering array of tasks activate cer- 
tain common regions such as dorsolateral prefrontal cortex 
and the anterior cingulate region. This could serve to suggest, 
however, that all these tasks rest on common cognitive fun- 
damentals such as working memory and selective attention. 
The differential patterns of correlation between arbitrary and 
semantic forms of verbal memory and resting glucose uptake 
in patients with left hippocampal sclerosis reinforces the 
notion that high-level differences in cognitive architecture 
are represented in different regions of the temporal lobe and 
should therefore produce differential patterns of activation. 
In other words, functional neuroimaging could and should be 
used to test the predictions of neurocognitive models, with 
the advantage that the technique is not limited by the 
anatomic proclivities of naturally occurring pathologies. 

Null findings in functional neuroimaging do pose a prob- 
lem: when a task gives rise to a reliable cerebral change it can 
be concluded that there is some sort of relationship between 
the task and the activated region, but the opposite interpreta- 
tion is not unequivocal when no cerebral change is observed 
(44). This is particularly pertinent in the silence of the hippo- 
campus proper when challenged by new learning paradigms. 
The model I have proposed here is predicated on the interpre- 
tation that the hippocampus is not particularly 'interested' in 
low-level associative processes but is recruited specifically in 
response to the complex associative process that underlies 
truly episodic memories. Binder and Detre (Chapter 10) raise 
the possibility that the nonresponsiveness of the hippocampus 
to learning tasks might be the result of a technical issue. 
Hopefully, future work will help to resolve this. A central aim 
of this chapter was to show that the imaging fractionation of 
verbal memory function corresponds with the different 
patterns of verbal memory impairment seen in mesial and 
lateral TLE. This is a powerful justification for continuing 
efforts to take a cognitive model-testing approach to functional 
neuroimaging research in the focal epilepsies. Further, patterns 
of cerebral activation are capable of reflecting individual dif- 
ferences (13), and could be used to advantage in preoperative 
evaluation. This theme is taken up further in Chapter 10 . 
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CHAPTER 10 



Functional MRI in Epilepsy 



Jeffrey R. Binder and John A. Detre 



INTRODUCTION 

The goal of functional neuroimaging is to map the activity 
of the living brain in space and time. Electrophysiologic 
methods such as magnetoencephalography and electro- 
encephalography offer direct measurements of neural activity 
with high temporal resolution but are limited by difficulties 
in defining the spatial location and extent of activation. 
Neuroimaging methods based on metabolic and vascular 
parameters, while offering limited temporal resolution, pro- 
vide excellent spatial resolution and localization of brain 
function. One such method, functional magnetic resonance 
imaging (fMRI), enables completely noninvasive imaging of 
changes in blood oxygenation and perfusion. In recent years 
fMRI has become the most widely used modality for visual- 
izing regional brain activation and is beginning to find wide- 
spread application in clinical neuroscience. 

Unlike positron emission tomography (PET), fMRI does 
not require exposure to ionizing radiation. fMRI can thus be 
performed many times in the same subject without addi- 
tional health risks, providing improved statistical power, 
measures of test-retest reliability, the ability to monitor 
changes in activation serially over time, and the potential for 
exploring a wide range of activation tasks. Compared to 
PET, fMRI provides superior temporal and spatial resolution 
and increased sensitivity for detecting task activation in indi- 
vidual subjects through signal averaging. On the other hand, 
PET provides a greater repertoire of image contrast sources. 
Whereas fMRI is primarily sensitive to hemodynamic 
changes, PET images can reflect blood flow, glucose utiliza- 
tion, oxygen consumption, and receptor binding. The latter 
occurs at concentrations well below the sensitivity of MRI, 
and can only be measured in vivo with radioactive tracers, 
although fMRI can be used to visualize pharmacological 



effects indirectly (1-3). PET also provides a silent environ- 
ment that is not affected by electromagnetic interference or 
the presence of ferrous objects. However, PET scanning is less 
widely available and significantly more costly than fMRI 
because of the need for on-line tracer synthesis. 

In this review, we discuss the physiologic bases and 
contrast mechanisms underlying susceptibility-based and 
perfusion-based fMRI signals, and review the potential 
applications of fMRI in the management of epilepsy. 



PHYSIOLOGY OF FUNCTIONAL NEUROIMAGING 

Nearly all studies of task-specific activation using func- 
tional neuroimaging rely on the fact that regional changes in 
brain metabolism produce regional changes in cerebral 
blood flow (CBF), herein referred to as activation-flow 
coupling. Regional CBF changes are used as a surrogate 
marker for changes in regional brain function; thus uncoup- 
ling of blood flow and metabolism or neural function 
may result in false-negative or false-positive neuroimaging 
signals. Changes in blood flow and metabolism occur with 
excitatory or inhibitory neurotransmission, both of which 
are energy consuming processes (4). 

Studies in both animal models and human subjects using a 
variety of modalities have shown that, in normal brain, blood 
flow changes occur following a latency of 0.5-1.5 seconds 
and build to a peak in approximately 4—8 seconds, even for 
stimuli of much shorter duration (5). The activation-flow 
coupling response is so stereotyped in normal subjects that it 
may be taken as a constant in statistical models used to analyze 
fMRI data. However, there are likely to be pathologic alter- 
ations in activation-flow coupling in certain disease states, as 
well as both regional variations and individual variations in 
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activation-flow coupling in normals (6). For example, in 
patients with severe stenosis of arteries supplying a given brain 
region, delayed vascular transit times may be observed, along 
with an attenuation of functionally induced hemodynamic 
changes (7, 8). 

Surprisingly little is known about the physiology under- 
lying activation-flow coupling. The phenomenon was origi- 
nally described in 1890 by Roy and Sherrington (9). Studies 
since that time have failed to identify a specific hormonal or 
metabolic factor that mediates activation-flow coupling (5). 
The recent identification of nitric oxide gas as a highly 
vasoactive and rapidly diffusible substance suggested the pos- 
sibility of this chemical serving as a mediator, but a variety 
of other metabolites and even direct synaptic connections 
have also been proposed. Even the purpose of activation-flow 
coupling remains undetermined. While it is often assumed 
that a regional CBF increase is required to supply oxygen 
and nutrients, studies of brain energy metabolism in response 
to functional activation have not conclusively supported this 
idea (10), and more recent data confirm that cerebral blood 
flow changes are not regulated by glycolytic demands (11). 
Additionally, blood flow effects can be pharmacologically 
decoupled from brain activation without loss of electrophysio- 
logic responses (12). An alternative possibility is that regional 
blood flow increases to remove toxic waste products of 
metabolism. The extent to which non-neuronal constituents 
of brain parenchyma contribute to the overall metabolic rate 
is also uncertain and might be variable. Nonetheless, at least 
in normal subjects, regional blood flow changes have typi- 
cally colocalized with known functional specialization. 



BIOPHYSICAL BASIS OF FUNCTIONAL 
MAGNETIC RESONANCE IMAGING 

The term fMRI typically refers to MRI scanning in which 
some or all tissue contrast arises from nonstructural factors 
such as changes in blood flow and/or metabolism. Such 
changes are typically on the order of only a few percent or 
less of the overall signal intensity, but modern MRI scanners 
are stable enough to measure such small changes reliably. 
Further, signal averaging across multiple acquisitions or trials 
is carried out to strengthen the activation-related signal rela- 
tive to background noise. The primary contrast phenomena 
exploited for fMRI are blood-oxygenation-level-dependent 
(BOLD) contrast and perfusion contrast obtained using 
arterial spin labeling (ASL), which uses electromagnetically 
labeled arterial blood water as a flow tracer. Because BOLD 
contrast is easier to obtain and generally provides higher 
signal-to-noise for task specific activation, it has been widely 
adopted as the method of choice for most fMRI applications. 



(13-15). Functional contrast is obtained because the iron 
present in hemoglobin becomes paramagnetic only when it 
is deoxygenated (16, 17), producing a local susceptibility 
increase manifested as a change in T2*, among other effects 
(Fig. 10.1A). This change in hemoglobin oxygenation can 
be observed using a variety of pulse sequences, including 
routine gradient-echo sequences and gradient-echo echo- 
planar sequences, which particularly emphasize T2* effects. 
With regional brain activation, a reduction in T2* is 
observed, reflecting a decrease in regional deoxyhemoglo- 
bin. This has been attributed to increases in CBF that exceed 
increases in oxygen metabolism (10), although the precise 
basis for this mismatch is uncertain. Some modeling studies 
based on the physiology of blood flow changes and oxygen 
diffusion suggest that large changes in flow may be required 
to increase oxygen delivery even to a small extent (18). 

Task-specific BOLD signal changes are not directly 
quantifiable in physiologic units and instead are expressed 
as a percentage signal change or as a statistical significance 
level based on a particular statistical model. Absolute or 
resting function cannot be easily assessed, and for clinical 
studies it may be difficult to know whether any observed 
abnormalities are due to baseline or task-specific effects. A 
typical BOLD response consists of a 0.5-5% change in 
regional image intensity that develops over 2-8 seconds 
following task initiation, typically with an initial peak or 
overshoot, a somewhat lower plateau for sustained tasks, 
and often an undershoot of the baseline following task com- 
pletion. The peak latency of several seconds represents a 
major limiting factor in the temporal resolution of functional 
imaging methods that rely on activation-flow coupling. 
There is some evidence that prior to the increase in regional 
CBF, there is a more localized decrease in hemoglobin 
oxygenation, presumably due to a more rapid increase in 
oxygen utilization than in blood flow. This has been 
best visualized in calcarine cortex using optical methods in 
animal models (19) and more recently in fMRI studies in 
animals and humans (20, 21). If reliably obtainable, this 
signal could provide a means of improving both the spatial 
and temporal resolution of fMRI. 

Activation-induced CBF changes vary in size depending on 
the nature of the contrast between baseline and activation 
states. There are also probably variations due to task perfor- 
mance, effort, age, gender, medications, presence of vascular 
disease, and other factors. Sensitivity to T2* changes increases 
at higher magnetic field strengths, such that BOLD signal 
changes at 4.0 T may approach 25% when comparing simple 
sensorimotor tasks with a resting baseline. 



Perfusion Functional Magnetic Resonance Imaging 



BOLD Functional Magnetic Resonance Imaging 



BOLD contrast reflects a complex interaction between 
blood flow, blood volume, and hemoglobin oxygenation 



Cerebral perfusion can also be measured directly using 
endogenous contrast with ASL (22-24). This class of tech- 
nique uses magnetically labeled arterial blood water as a 
diffusible tracer for blood flow measurements (Fig. 10. IB), 
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SPIN LABELED 




FIG. 10.1. Mechanisms for noninvasively obtaining functional contrast using MRI. Physiologic effects in a microvessel are illustrated. A. Blood- 
oxygenation-level-dependent (BOLD) contrast is attributed to paramagnetic properties of deoxyhemoglobin in red blood cells, which produces 
distortions in the local magnetic field, manifested as signal loss on T2*-weighted images. With task activation there are regional increases in 
CBF that exceed increases in oxygen utilization, resulting in deoxyhemoglobin dilution and therefore a regional signal increase. BOLD effects 
are largely intravascular. B. Arterial spin labeling (ASL) uses electromagnetic labeling of arterial blood water protons as a tracer for flow quan- 
tification. The effects of ASL are measured by comparison with a control image acquired without ASL; the difference between these images 
reflects the distribution of the spin label. Because water is diffusible, the tracer can leave the microvasculature and enter the tissue. 



in a manner analogous to that used for oxygen-15 PET 
scanning (25). The 'magnetic' tracer has a decay rate of Tl, 
which is sufficiently long to allow perfusion of the 
microvasculature and tissue to be detected. ASL techniques 
are capable of quantifying cerebral blood flow in well char- 
acterized physiologic units of ml/100 g/min, or may be used 
in a qualitative fashion similar to BOLD fMRI (24, 26, 27). 
Use of ASL for functional imaging has been less widespread 
because it is more difficult to implement and produces a 
smaller signal-to-noise ratio (SNR). A number of groups 
have reported successful detection of focal activation using 
perfusion contrast obtained with pulsed (24, 26, 27) or con- 
tinuous ASL (28, 29). The recent development of multislice 
ASL (30) has considerably enhanced its utility. 

Studies of resting CBF using ASL methods are likely to 
have clinical utility in diagnosing and managing many central 
nervous system disorders. For example, specific patterns of 
blood flow reduction are found in chronic epilepsy, cere- 
brovascular disease, and degenerative disorders such as 
Alzheimer's disease. Because flow can be quantified directly, 
comparison of resting cerebral blood flow across patient 
groups or before and after pharmacologic interventions can be 
readily carried out. ASL perfusion fMRI was recently shown 
to be sensitive to interictal hypometabolism in TLE (31). 



There is also growing evidence that ASL methods have 
advantages over BOLD contrast for imaging task-specific 
activation. The ASL effect is not dependent on T2* and 
therefore CBF changes can be detected in regions of high 
static susceptibility with ASL methods (32). Because CBF is 
measured using pairwise subtraction between ASL and con- 
trol labeling, low-frequency drift effects are eliminated. This 
renders ASL images equally sensitive to gradual versus 
rapid changes in brain function (33), and broadens the 
range of statistical procedures that can be used for data 
analysis (34). Finally, because CBF measurements made 
using ASL are in physiologic units that are insensitive to 
scanner effects, there seems to be less variability in task acti- 
vation across subjects in group analyses (33, 34). 

Hemodynamic parameters such as cerebral blood volume 
and mean transit time can also be measured by imaging the 
passage and distribution of exogenous MRI contrast agents 
such as gadolinium-DPTA. This approach was used to 
generate the first report of fMRI in humans during photic 
stimulation (35). However, because contrast administration 
is required for each measurement, its use for task activation 
studies has waned, although modifications of this approach 
are used for functional blood volume imaging in animal 
models (36). Contrast bolus tracking methods remain in 
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wide use for detecting resting hemodynamic abnormalities 
in a variety of clinical settings (37). 



Spatial Resolution and Image Distortion 

While MRI is capable of imaging structures in the micron 
range (38), SNR varies directly with voxel size, and signal 
averaging time for extremely small voxels would probably be 
prohibitive for most human applications. In addition, degra- 
dation by motion becomes a very significant problem with 
high-resolution imaging, particularly since even normal physi- 
ologic motion such as that induced by arterial pulsatility can 
be in the order of millimeters. This can be mitigated to some 
extent by cardiac gating, which has allowed visualization of 
activation in small brain regions not otherwise achievable 
(39). The spatial precision of activation-flow coupling is also 
unknown, but current thinking is that flow effects are consid- 
erably less localized than metabolic effects. However, at least 
in some brain regions, the vascular supply is organized in a 
very functionally precise manner. This has been demonstrated 
for rat whisker barrel cortex where the cortical regions sub- 
serving each whisker appear to have a dedicated microvas- 
cular supply (40). Although these regions are less than 1 mm, 
it was possible to visualize them in the rat brain using high- 
field fMRI (41). It has also been possible to visualize simi- 
larly sized ocular dominance columns in calcarine cortex in 
cats (20) and in humans (42). 

Because T2*-weighted BOLD images are based on sus- 
ceptibility contrast, they are also very sensitive to bulk static 
susceptibility effects, leading to signal loss or distortion at 
tissue-air and tissue-bone interfaces such as the orbital 
frontal cortex and inferior temporal lobe (43). This suscep- 
tibility-induced BOLD signal dropout, if primarily arising 
from through-plane field gradients, can be largely recovered 
by Z-shimming techniques, which require multiple image 
acquisitions with different amplitudes of slice refocusing 
gradient (44, 45) or additional k-space coverage (46). A single- 
shot Z-shimming approach was recently described that does 
not require sacrificing temporal resolution (47). Because it 
is based on spin labeling rather than susceptibility contrasts, 
ASL imaging is not affected by bulk static susceptibility. 



Data Acquisition 

Many data acquisition variables are under investigator 
control, while others reflect limitations of the scanner hard- 
ware. One obvious decision involves the size of the image 
voxels, which partly determines the spatial resolution of the 
activation image. Small voxels are desirable but MR signal 
decreases with decreasing voxel volume and susceptibility 
to noise from small head movements increases, resulting 
in limits on SNR with small voxels. Scanning at higher 
magnetic field strengths (i.e. 3 T or higher) provides stronger 
signals, partially offsetting the SNR problem, so smaller 



voxels are generally more practical at high field. As the 
voxel size is made smaller, however, more time is needed to 
image the same volume of brain, resulting in trade-offs 
between image resolution and either the extent of brain 
imaged or the temporal resolution. Factors such as gradient 
strength, slew rate, and gradient switching speed vary across 
hardware platforms and determine how rapidly a volume of 
voxels can be acquired, although there are also safety factors 
that ultimately limit acquisition speed. 

Susceptibility-induced BOLD signal dropout generally 
increases at higher field because intravoxel gradients tend to be 
stronger and spin dephasing faster. These effects can be coun- 
tered to a large extent by shortening the echo time and using 
smaller voxels, and by more sophisticated high-order shim- 
ming. Another relative difficulty encountered at high fields 
is the shortening of Tl, which leads to loss of gray-white 
contrast in standard Tl-weighted anatomic images. 

The very rapid image acquisition that makes high tem- 
poral resolution fMRI possible is based on single-shot k-space 
sampling techniques such as echoplanar imaging (EPI) (48), 
which allows an entire two-dimensional image to be 
acquired in less than 100 ms. Single-shot EPI is the most 
popular acquisition method, but spiral k-space sampling (49), 
partial k-space EPI (50), multishot EPI (45, 49), and other 
techniques are also used and have a variety of advantages 
and disadvantages. In addition to the choice of k-space 
acquisition method, T2*-weighted contrast can be based on 
either gradient-echo or spin-echo pulse sequences. Spin-echo 
sequences, while less sensitive overall, are considerably less 
sensitive to BOLD signals arising from large draining veins 
and so may provide more precise localization of neural 
responses (51). 

Images are typically acquired continuously during fMRI, 
with acquisition of one volume followed immediately by 
acquisition of the next volume, but an alternative for studies 
using auditory stimuli is 'clustered (or 'sparse') acquisition' 
(52, 53). In this approach, there is a period of silence 
(typically 5-10 s) following each volume acquisition. The 
purpose of the silence is (1) to allow the brain regions 
responding to the scanner noise to return to baseline levels 
of activation prior to the next volume acquisition, and (2) to 
allow presentation of the auditory stimuli without interfer- 
ence by the scanner noise. This method appears to improve 
detection of activation in primary auditory areas. Drawbacks 
include the longer time needed to obtain an adequate num- 
ber of images and the fact that the restricted sampling in 
time of the hemodynamic response does not allow its time 
course to be determined. 

In addition to image acquisition, most fMRI experiments 
involve acquisition of behavioral data. Typically, subjects 
are presented with either visual or auditory stimuli and 
asked to perform tasks that require a response to the stimuli. 
Increasingly, investigators using fMRI are concerned with 
acquiring a detailed record of the task performance so that 
the resulting brain activation data can be accurately inter- 
preted. For motor tasks, this may include measurement of 
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initiation time and movement rate (54). For perceptual 
and cognitive tasks, key presses are often used to monitor 
accuracy and response time. 



FUNCTIONAL MAGNETIC RESONANCE 
IMAGING EXPERIMENTAL DESIGN 
AND DATA ANALYSIS 

In a typical fMRI study, images through the brain are 
acquired every few seconds for several minutes. Early fMRI 
studies exclusively used blocked-trial designs with alternat- 
ing epochs of task and control conditions, each consisting of 
multiple trials. This approach maximizes sensitivity, since 
large signal changes are sustained, and also minimizes 
dependence on an accurate estimate of the hemodynamic 
response. The power spectrum of BOLD fMRI data collected 
from human subjects in the absence of any experimental task 
or time- varying stimuli demonstrate greater power at low fre- 
quencies, which can be well characterized by a 1/frequency 
(1//) function (55), or by more complicated modeling with 
special smoothing techniques (56). This temporal autocorre- 
lation causes relative reductions in sensitivity for block 
designs with fundamental frequencies below 0.01 Hz (57). 

More recently, many investigators have explored tech- 
niques that allow fMRI responses to individual task stimuli 
to be segregated (58). These 'event-related' approaches 
allow different classes of stimuli to be randomized, reducing 
habituation effects, and also permit analysis of fMRI data 
based on subject performance on individual trials (59, 60). 
One application of this approach is to conduct separate 
analyses of trials that are performed correctly and incor- 
rectly. This is potentially very useful in clinical studies that 
compare task activation between control and patient groups 
that differ in task performance, or across different patients. 
If patients fail to perform well on a task, decreased activa- 
tion of the appropriate brain region might be expected. On 
the other hand, if, despite decreased performance an 
increased effort is required, regional activation might be 
expected to increase (61). Similarly, enhanced performance 
in some patients could be associated with either an increase 
or a decrease in activation in a given brain region (62). 
Using an event-related approach, regional brain activation 
following only correctly or incorrectly performed trials can 
be retrospectively compared across subjects or across con- 
trol and patient groups, independent of overall performance 
on the task. 

A very different approach to functional brain imaging in 
clinical populations that circumvents the issue of task per- 
formance is to correlate neurocognitive deficits with alter- 
ations in resting brain function using quantitative functional 
imaging such as CBF measurements using ASL techniques. 
Since only resting perfusion is measured, the interpretation 
of the imaging data is not confounded by task performance. 

Comparison of functional localization across subjects pres- 
ents additional challenges in the interpretation of clinical 



functional neuroimaging studies. Many such comparisons 
have been accomplished through the use of transformation 
into standard neuroanatomic spaces such as Talairach space 
(63), although more complicated algorithms are available, 
including those that attempt to unfold cerebral gyri (64, 65). 
These algorithms rely on characteristic signal intensities of 
gray matter, white matter, and cerebral spinal fluid, which 
can be altered in the presence of lesions such as tumors, 
strokes, or focal atrophy. When lesions are large, they may 
distort the brain sufficiently to make automated or semi- 
automatic morphing into a standard space impossible. 

The standard approach to detecting task-specific func- 
tional activation begins with a model of what the hemody- 
namic response, and thus the BOLD signal, should look like. 
These approaches are illustrated in Figure 10.2 for blocked 
and event-related designs. Activation is then identified by 
statistical analysis of the time series data in each voxel of the 
image volume with respect to the modeled response. This 
was first accomplished using a simple correlation analysis 
(66), although multiple linear regression methods including 
a variety of confounds (such as linear drift and head move- 
ment) are now more common, and nonparametric approaches 
as well as task-independent approaches are being developed. 
A linearity between neural activity and hemodynamic 
responses is often assumed in these models, especially for 
event-related analyses, though deviations from linearity 
clearly occur. For both resting and activation studies, time 
series data must be examined and corrected for motion 
effects, and task-correlated motion (movement of the head 
induced by performance of the task) may be particularly dif- 
ficult to distinguish from functional activation. A thresh- 
olded statistical map is ultimately superimposed on high 
resolution anatomic images or other representations of 
the brain. Thresholding for significance is complicated, and 
requires consideration of spatial and temporal autocorrela- 
tion in the data as well as false positive activation that may 

TASK PREDICTED fMRI RESPONSE 



A/VIM 




SINGLE TRIAL DESIGN 

FIG. 10.2. Experimental designs for task activation studies. Stimuli 
may be blocked or presented individually. The predicted fMRI 
response is obtained by convolving the administered task with the 
hemodynamic response function, which may be assumed or meas- 
ured. Because the hemodynamic response is prolonged and 
delayed, blocks of sequential stimuli produce a response with a sus- 
tained peak, whereas the responses to widely spaced individual 
stimuli can still be segregated. Data analysis procedures typically 
use pixel-by-pixel regression analyses to identify pixels in which sig- 
nal changes correlate significantly with the predicted responses. 
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result from multiple comparisons, since three-dimensional 
images typically contain thousands of voxels. 

Thorough reviews of fMRI task design, data analysis, 
and available software packages have been published 
previously (57, 67-72). 



PREOPERATIVE MAPPING OF SENSORIMOTOR 
CORTEX 

Motor Activation 

A large number of fMRI studies have demonstrated 
primary sensorimotor cortex activation along the central sulcus 
during movement (73-77), including demonstration of the 
somatotopic organization of this region (78-80). Movement 
not only engages motor cortex but also provides tactile and 
proprioceptive sensory input, so activation is not confined to 
the motor cortex (anterior bank of the central sulcus) but 
rather involves primary motor and sensory areas. Finger 
movements are used most commonly, since face or proximal 
limb movements increase the likelihood of unacceptable 
movement artifacts. The magnitude of activation in primary 
motor cortex is directly dependent on the rate of finger move- 
ment (81, 82). Complex, sequential movements of individual 
digits produce additional activation in associated regions such 
as premotor cortex, supplementary motor area, and postcen- 
tral sulcus bilaterally (54, 76). Thus, the expected activation 
pattern is largely determined by the particular movement 
parameters selected for the activation task. A simple and com- 
monly used procedure is to have the patient oppose the fingers 
sequentially to the thumb as quickly as possible. Many stud- 
ies have used repetitive opening and closing of the fist. 

Such tasks appear to reliably activate sensorimotor cortex 
in the central sulcus, and have been used in a number of 
patient studies (83-95). The clinical utility of such maps is 
in functional localization prior to surgery in this region for 
tumor or seizure focus resection. When the lesion is in close 
proximity to primary sensorimotor cortex along the central 
sulcus, precise localization of the activated region relative to 
the lesion could potentially help predict whether a sensori- 
motor deficit is likely to occur from lesion resection. It 
might also be possible to minimize any resulting deficit by 
purposefully sparing activated and immediately surrounding 
regions, although no quantitative studies have verified the 
effectiveness of such an approach. fMRI information is per- 
haps particularly useful when anatomic structures are dis- 
torted by mass effects making it difficult to ascertain the 
location of the central sulcus with certainty. Motor cortex 
localization with fMRI has generally been highly concor- 
dant with intraoperative electrocortical stimulation mapping 
(83, 85, 86, 89-91, 94, 95). 

As with all fMRI studies, the activation pattern observed 
in motor studies is determined not solely by the activation 
task but rather by the contrast between activation and 'base- 
line' states. Pujol et al. favor an activation paradigm in which 



finger movements of one hand are compared directly to finger 
movements of the other hand rather than to a resting baseline 
(91). In addition to activating contralateral primary sensorimo- 
tor cortex, both these conditions activate the premotor, post- 
central, and supplementary motor areas bilaterally. When the 
conditions are contrasted, these bilateral activations are thus 
subtracted away, leaving only activation in the contralateral 
central sulcus. This protocol successfully identified the central 
sulcus in 82% of 50 patients with brain tumors. Failure to acti- 
vate the central sulcus was associated with pre-existing paresis 
of the contralateral hand, older age, and head motion. Correct 
localization by fMRI was confirmed in all of the 22 patients 
studied with intraoperative cortical stimulation. 

Activation of motor cortex in patients with severe con- 
tralateral paresis is an important problem, since these patients 
are likely to have lesions in or near the motor strip and so have 
the greatest need for preoperative mapping. One potential 
solution to this problem is to activate the premotor area by 
movement of the ipsilesional (unimpaired) hand (96), from 
which the location of the central sulcus can be estimated. The 
success of this approach obviously depends on whether the 
lesion also impairs activation of the precentral sulcus. Another 
problem encountered in motor studies is that performance of 
a motor task may cause the patient to move the body and head 
slightly, resulting in false-positive signals in the fMRI data 
referred to as task-correlated motion artifacts (97). Careful 
instruction and training of the patient, measures to comfort- 
ably restrict head motion, use of small rather than large move- 
ments for the activation task, and proximal fixation of the 
limb to be moved should minimize such artifacts (98). 



Somatosensory Activation 

Many fMRI studies have focused on activation of the 
somatosensory system (99-1 14). Stimuli have included light 
touch with air puffs or other tactile stimuli (106, 110, 112, 
113), scratching of the palm (98), vibration (104-106), elec- 
trical stimulation (100, 101, 107-109, 114) noxious stimuli 
(99, 111), and proprioception induced by passive joint 
movement (112). Activated areas usually include primary 
somatosensory cortex (SI) along the central sulcus and post- 
central gyrus, secondary cortex (SII) in the parietal opercu- 
lum, insula, and more posterior ventral parietal areas (PV). 
Many studies have demonstrated somatotopic organization 
in primary somatosensory cortex, whereas association areas 
are not clearly somatotopic (102, 104, 106, 108, 109, 113). 
As with the motor system, unilateral stimulation activates 
primary cortex only in the contralateral hemisphere but sec- 
ondary areas bilaterally (101, 103, 107). 

It is still uncertain what stimulus is the most effective, 
although indications are that pain stimuli are somewhat less 
reliable for evoking SI activation than more dynamic stimuli 
(111). Activation magnitude in SI depends on the intensity 
of stimulation (100, 108), the size of the stimulated body sur- 
face (99, 1 1 1), and the rate of stimulation (1 14). Responses in 
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secondary areas seem to be less influenced by these variables 
but are probably more dependent on level of attention paid to 
the stimulus (101) and on whether stimulation is delivered uni- 
laterally or bilaterally (103). 

Somatosensory activation can be used to localize the cen- 
tral sulcus preoperatively and is applicable even in patients 
with severe hemiparesis, unless the patient also has severe 
hemianesthesia. Sensory activation also has the advantage of 
not requiring movement that could cause artifacts. One 
study of 94 brain tumor patients found a lower incidence of 
severe movement artifacts with a somatosensory paradigm 
(repetitive brushing of the palm) compared to a motor para- 
digm, but significantly higher percentage signal increases 
with the motor paradigm (98). The authors concluded that 
somatosensory paradigms were less sensitive than motor 
paradigms, but it is unclear whether repetitive brushing of 
the palm represents an optimal sensory stimulus. 



PREOPERATIVE MAPPING OF LANGUAGE 
SYSTEMS 

The aim of localizing language functions preoperatively 
is to minimize postoperative language deficits, such as anomia, 
that can result from epilepsy surgery (1 15). Functional brain 
mapping techniques can contribute to this process in several 
ways. By determining the location of important language 
functions, mapping techniques might help predict the risk of 
postoperative language deficits. During the surgical pro- 
cedure itself, functional maps might be used to minimize 
such deficits by avoiding important functional areas. 



Language Activation Protocols 

Although fMRI and PET have been used extensively to 
study normal language processing, the areas identified in 
different studies have varied markedly, probably owing to 
use of different language activation tasks, control tasks, 
imaging techniques, and data-processing methods (116). 



Language is not a single process but rather involves special- 
ized sensory systems for speech, text, and object recogni- 
tion; access to whole-word information; access to word 
meaning; processing of syntax; and multiple mechanisms 
for written and spoken language production. Neuropsycho- 
logical studies suggest some degree of modularity of organ- 
ization of these language subsystems (117) and it is unlikely 
that any single activation procedure could identify all of 
them. Some commonly used task combinations and the brain 
regions they typically 'activate' are shown in Table 10.1. 

A few examples may be illustrative of some main issues 
in task design. Numerous studies over the past decade have 
shown that hearing words - whether the task involves 
passive listening, repeating, or categorizing - activates the 
superior temporal gyrus bilaterally when compared to a rest- 
ing state (Fig. 10.3A) (1 18-121). The symmetry of this acti- 
vation may be surprising but a consideration of the task 
contrast (complex sounds compared to no sounds) reveals 
that the 'rest' baseline contains no controls for primary or 
secondary auditory processes that engage auditory cortex in 
both superior temporal gyri (123). Thus, much of the activa- 
tion produced by contrasting word-listening versus no sound 
could be due to prelinguistic auditory processing. These 
activation patterns bear almost no relationship to language 
dominance measured by Wada testing (124). Another prob- 
lem in using such a paradigm for language mapping is that 
left-lateralized brain areas associated with semantic pro- 
cessing are probably active during the 'rest' state (125). 
Thus any activity in these regions during the word-listening 
task would be difficult to detect when compared to 'rest'. 

Similar problems occur in designs that contrast reading 
or naming tasks with a resting or visual fixation baseline. 
The resting condition contains little in the way of controls 
for prelinguistic visual form recognition processes in ventral 
occipitotemporal regions, which thus dominate the activa- 
tion map. Benson et al. found that such procedures do not 
reliably produce lateralized activation and do not correlate 
with language dominance measured by Wada testing (126). 

More widely used than listening, repeating, reading, and 
object naming tasks are 'word generation' tasks (also called 



TABLE 10.1. Some Task Contrasts Used for Language Mapping and the Regions in which Robust Activations 
are Typically Observed 

Ventrolateral Dorsal Superior Ventrolateral Ventral Angular 

Prefrontal Prefrontal Temporal Temporal Occipital Gyrus 

Hearing words vs rest B 

Hearing words vs nonspeech sounds L > R 

Word generation vs rest L > R L > R B 

Word generation vs reading L 

Object naming vs rest B L > R B 

Semantic decision vs sensory discrimination L L L > R L L 

Semantic decision vs phonological decision L L L 

Reading sentences vs letterstrings L>R L>R L>R 



L, left he 



isphere 



ht hemisphere; 
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FIG. 10.3. Group average fMRI activation patterns in neurologically normal, right-handed volunteers during two language paradigms. 
A. Listening to spoken words contrasted with resting (28 subjects) Superior temporal activation occurs bilaterally. B. Semantic decision on 
auditory words contrasted with a tone decision control task (30 subjects). Activation is strongly left-lateralized in multiple prefrontal and sensory 
association cortices. The images are serial axial sections spaced at 15 mm intervals through stereotaxic space, starting at z = -15. The left 
hemisphere is on the reader's left. Green lines indicate stereotaxic x and y axes. (Reprinted with permission from Binder et al. 2002 (122).) 



fluency tasks) that require word retrieval in response to a 
verbal cue. Subjects are given a beginning letter, a semantic 
category, or a word, and must retrieve a phonologically or 
semantically associated word. This task strongly activates 
the dominant inferior and dorsolateral frontal lobe, includ- 
ing prefrontal and premotor areas (121, 127-129). Posterior 
language areas such as middle and inferior temporal gyri, 
fusiform gyrus, and angular gyrus are only weakly activated 
by the word generation task compared to a resting state or a 
word reading control (121, 127-129). 

Another approach involves pairing a word comprehension 
task with a nonlinguistic sensory discrimination task 
(130-136). These tasks can be given in either the visual or 
auditory modality. The sensory discrimination task controls 
for primary sensory, attentional, working memory, and motor 
aspects of the language task. The resulting activation pattern 
is strongly left-lateralized and involves both prefrontal and 
posterior association areas (Fig. 10.3B). An attractive feature 
of these paradigms is that measured behavioral responses, 
consisting of simple button presses for stimuli that meet 
response criteria, permit task performance to be quantified. 



Normative Studies 

Several language mapping protocols have been carried 
out in relatively large samples of normal subjects (137-142). 
All these protocols produced left-lateralized activation patterns 
in right-handed subjects. Lateralization has often been quan- 
tified using some type of left-right difference score. One 
commonly used version is based on the left-right difference 
in the number of activated voxels (activation volume), 



normalized by the total number of activated voxels (i.e. 
[L-R]/[L+R]). This index varies from -1 (all activated 
voxels in the right hemisphere) to +1 (all activated voxels in 
the left hemisphere). This type of index depends on the statis- 
tical threshold used to identify voxels as 'active' and tends to 
increase with increasingly stringent thresholds because of the 
elimination of false-positive voxels in both hemispheres (143, 
144). Others have advocated measures based on magnitude 
rather than volume of activation (126, 145). Lateralization 
indexes (LI) can be computed for the entire hemisphere or 
for homologous regions of interest (ROIs). Focusing on 
language-related ROIs avoids the problem of nonspecific or 
nonlanguage activation in bilateral sensory, motor, and execu- 
tive systems that is characteristic of some task contrasts (144). 

Language lateralization as measured by fMRI in several 
large samples of normal right-handed adults ranges from 
strong left dominance (LI near +1) to roughly symmetrical 
representation (LI near 0) (139, 140). As a group, left-handed 
and ambidextrous subjects show a relative rightward shift of 
language functions compared to right-handed subjects (139, 
141, 146). This difference reflects a group tendency only, due 
to the fact that a larger minority (20-25%) are symmetrical or 
right dominant; most left-handed and ambidextrous subjects 
are, like right-handers, left-dominant for language. These 
estimates of language dominance and handedness effects in 
normal subjects agree very well with earlier Wada language 
studies in patients with late-onset seizures (140, 147, 148). 

Sex differences in language lateralization were reported in 
a few fMRI studies (138, 149). Other PET (150, 151), fMRI 
(139, 141, 152), and functional transcranial Doppler (153) 
studies, together involving over 600 normal subjects, have 
failed to find differences between men and women in 
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lateralization of language functions. Two studies reported 
age effects on language dominance in adults, manifested as 
a decline in the LI (greater symmetry of language process- 
ing) with increasing age (140, 141). Similar declines in 
hemispheric specialization have been observed for other 
cognitive domains (154, 155), and may reflect recruitment 
of homologous functional regions as compensation for age- 
related declines in neural functional capacity. Level of 
education had no effect on LI in the one study in which it 
was assessed (140). 

Two fMRI studies directly compared Lis from a sample 
of normal adults with Lis from patients with epilepsy (140, 
143). Both studies included only right-handed individuals to 
avoid confounding effects of handedness. Patients with 
epilepsy had a higher incidence of atypical (symmetric or 
right-lateralized) language dominance; this was particularly 
true for patients with left sided seizure foci (143). In one 
study there was a clear relationship between LI and age of 
onset of seizures (r = 0.50, p < 0.001), with language tending 
to shift more toward the right hemisphere with earlier onset 
(140). These effects are in agreement with Wada studies 
showing effects of side of seizure focus and age at onset on 
language lateralization (147, 148, 156, 157). 

Wada Test Comparisons 

Preliminary results suggest a high level of agreement 
between fMRI and Wada tests on measures of language 
lateralization (Table 10.2) (124, 126, 131, 135, 143, 158-165). 
Most of these studies, however, involved relatively small 



sample sizes (7-20 patients) and relatively few crossed- 
dominant individuals. A variety of task contrasts have been 
employed, including semantic decision versus sensory dis- 
crimination (131, 135, 160), semantic decision versus ortho- 
graphic decision (161), word generation versus rest (124, 
126, 143, 159, 162-165), rhyme decision (158), object nam- 
ing (126, 163), and word or sentence reading (126, 163). 
In the largest of these early studies, an fMRI language later- 
ality index based on a semantic decision versus sensory 
discrimination contrast was compared to an analogous index 
based on the Wada test in 22 epilepsy patients (160). The 
two indices were highly correlated (r = 0.96) and there were 
no disagreements in dominance classification. In a subse- 
quent analysis using the same methods, dominance classifi- 
cation by Wada and fMRI was concordant in 48 of 49 (98%) 
consecutive patients with valid examinations (166). 

While semantic decision and word generation paradigms 
generally produce high (90-100%) concordance rates 
(although see Worthington et al. 1997 (167)), results obtained 
with sentence listening versus rest (124), object naming ver- 
sus rest (126), and object naming versus sensory discrimina- 
tion (163) protocols were not correlated with Wada results. 
This lack of concordance probably stems from the fact that 
these contrasts produce strong activation in auditory and 
visual sensory systems that are not strongly lateralized, and 
only weak activation in prefrontal language areas. Word gen- 
eration tasks, on the other hand, produce strong frontal 
activation but relatively weak temporal and parietal 
activation. The most concordant results obtained with 
these tasks are thus based on activation in a frontal ROI. 



TABLE 10.2 Wada-fMRI Language Lateralization Comparisons 



Lead Author, year 


n 


Language Task 


Control Task 


Result 


Desmond, 1995 


7 


Semantic decision (vis words) 


Orthographic decision 


100% concordance 


Binder, 1996 


22 


Semantic decision (aud words) 


Tone Monitoring 


100% concordance, r= 0.96 


Bahn, 1997 


7 


Covert phonological word gen 


Rest 


1 00% concordance 


Hertz-Pannier, 1997 


6 


Covert or overt word gen 


Rest 


100% concordance 


Worthington, 1997 


12 


Covert phonological word gen 


Rest 


56% concordance 


Yetkin, 1998 


13 


Covert phonological word gen 


Rest 


100% concordance, r = 0.91 


Benson, 1999 


12 


Covert verb gen 


Fixation 


100% concordance 






Covert object naming 


Fixation 


n.s. lateralization 






Covert word reading 


Fixation 


n.s. lateralization 


Lehericy, 2000 


10 


Covert semantic word gen 


Rest 


r = 0.88 for a frontal ROI 






Covert sentence repetition 


Rest 


n.s. correlation 






Passive story listening 


Nonword listening 


n.s. correlation 


Baciu, 2001 


8 


Rhyme detection (vis words) 


Shape decision 


100% concordance 


Binder, 2001 


49 


Semantic decision (aud words) 


Tone Monitoring 


98% concordance 


Carpentier, 2001 


10 


Semantic/syntactic decision 


Sensory discrimination 


90% concordance 


Spreer, 2002 


13 


Semantic matching (vis words) 


Color matching 


100% concordance frontal ROI 


Rutten, 2003 


18 


Covert verb gen 


Shape decision 


72% concordance verb gen 






Covert semantic word gen 


Rest 


83% combining all tasks 






Covert object naming 


Shape decision 


n.s. concordance for others 






Covert sentence reading 


Shape decision 




Adcock, 2003 


19 


Covert phonological word gen 


Rest 


100% concordance 


Sabbah, 2003 


20 


Covert semantic word gen 


Rest 


95% concordance 
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This characteristic of the word generation tasks is poten- 
tially problematic for clinical applications in patients with 
temporal lobe pathology, for several reasons. First, it is pos- 
sible that language lateralization in such cases could differ 
for the frontal and temporal lobes, and it would be prefer- 
able to know the dominance pattern in the region in which 
surgery is to be undertaken. Second, if the goal is not sim- 
ply to determine language dominance but rather to detect 
language-related cortex with optimal sensitivity for surgical 
planning, then lack of dominant temporal or parietal lobe 
activation represents a clear failure of the task paradigm. 

Another major limitation of the word generation task is 
that it requires spoken responses, which are somewhat prob- 
lematic for fMRI studies. As a result, all the cited studies 
used 'covert' responding, in which subjects are asked simply 
to 'think of words. The absence of behavioral confirmation 
of task performance is not a problem if the goal is simply to 
calculate a lateralization index in the setting of at least some 
measurable activation. If, on the other hand, there is little 
or no activation, or the goal is to localize activation with 
optimal sensitivity, it can never be known whether lack of 
activation implies lack of cortical function or is simply an 
artifact of poor task compliance. 



Comparisons with Cortical Stimulation Mapping 

A number of studies have compared fMRI language 
maps with language maps obtained using cortical stimula- 
tion mapping (126, 131, 168-175). These studies are of 
great potential interest because they permit a test of whether 
fMRI activation foci represent 'critical' language areas. 
Some regions activated during language tasks may play a 
minor, supportive role rather than a critical role, and resec- 
tion of these active foci may not necessarily produce clin- 
ically relevant deficits. It is thus vital to distinguish these 
noncritical areas from those that are critical to normal func- 
tion. The assumption underlying the cortical stimulation 
technique is that the temporary deactivation induced by 
electrical interference will identify any such critical areas. 

The published studies comparing fMRI and cortical stim- 
ulation report encouraging results. These reports involved 
relatively small samples (<15 patients). Methods for com- 
paring the activation maps have tended to be qualitative and 
subjective rather than quantitative and objective, with a few 
exceptions (168, 172). Fitzgerald et al. reported, in 11 
patients, an average sensitivity of 81% and specificity of 
53% when using fMRI to predict 'critical' language sites on 
intraoperative cortical stimulation mapping, employing a 
criterion that the fMRI focus in question spatially overlap 
the stimulation site (168). When the criterion was loosened 
to include instances in which the fMRI focus was within 
2 cm of the stimulation site, sensitivity improved to 92% but 
specificity was 0%. Sensitivity and specificity were highly 
variable across subjects. Rutten et al. found an average sen- 
sitivity of 92% and specificity of 61%, but this analysis was 



performed after removing three patients (out of 1 1) in whom 
cortical stimulation mapping showed no language sites (172). 
Moreover, the fMRI data appear to have been used during sur- 
gery to select the sites for cortical stimulation, so the meas- 
urements being compared were not made independently. 

Several factors make these comparisons particularly 
difficult to carry out. One problem is in matching the task 
characteristics across the two modalities. fMRI studies 
usually employ controls for nonlinguistic aspects of task 
performance, whereas this is typically not true of stimula- 
tion mapping studies. For example, stimulation studies often 
focus on speech arrest, which can result from disruption of 
motor or attentional systems as well as language systems 
(176). A second difficulty is the fact that many fMRI activa- 
tion foci lie buried in the depths of sulci, which are not avail- 
able for stimulation mapping. Thus, it reasonable to expect 
that many foci of activation observed by fMRI simply will 
not be tested adequately during cortical stimulation mapping. 

Finally, the assumptions forming the basis for the cortical 
stimulation technique have yet to be adequately tested. 
There is, for example, very little evidence that resection of 
'critical' areas detected by cortical stimulation necessarily 
leads to postoperative language deficits. One study, in fact, 
showed that the likelihood of finding 'critical' foci in the left 
anterior temporal lobe was higher among patients with poor 
language function, even though these patients are less likely 
to show language decline after left anterior temporal lobec- 
tomy (177, 178). Moreover, there is very little evidence that 
cortical stimulation mapping has any effect on preventing 
language decline (115), suggesting that there are critical lan- 
guage areas that may not be detected by focal electrical 
interference. This lack of sensitivity might occur, for example, 
if language functions were redundantly distributed across a 
number of nearby zones, several of which fell within the 
resection area but none of which produced a language deficit 
when deactivated in isolation. 



Prediction of Language Outcome 

It could be argued that neither the Wada test nor cortical 
stimulation mapping constitute an ideal 'gold standard' 
against which to judge fMRI language maps. Both these tests 
have recognized limitations, and both differ sufficiently from 
fMRI in terms of methodology and level of spatial detail that 
it is probably unreasonable to expect strong concordance 
with fMRI maps. A more meaningful measure of the validity 
of fMRI language maps is how well they predict postopera- 
tive language deficits. The purpose of preoperative language 
mapping, after all, is to assess the risk of such deficits and (in 
the case of cortical stimulation mapping) to minimize their 
severity. If fMRI can predict postoperative language deficits 
as well as, or better than, the Wada test, then what need is 
there to compare fMRI directly with the Wada? 

Sabsevitz et al. (179) assessed the ability of preoper- 
ative fMRI to predict naming decline in 24 consecutively 
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encountered patients undergoing left anterior temporal lobec- 
tomy (ATL). fMRI employed a semantic decision versus sen- 
sory discrimination protocol. All left ATL patients also 
underwent Wada testing and intraoperative cortical stimula- 
tion mapping, and surgeries were performed blind to the 
fMRI data. Compared to a control group of 32 right ATL 
patients, the left ATL group declined postoperatively on the 
60-item Boston Naming Test (p < 0.001 ). Within the left ATL 
group, however, there was considerable variability, with 13 
patients (54%) showing significant declines relative to the 
control group and the remainder no decline. A laterality index 
based on fMRI activation in a temporal lobe region of interest 
was strongly correlated with outcome (r = -0.64, p < 0.001), 
such that the degree of language lateralization toward the sur- 
gical (left) hemisphere was related to poorer naming outcome, 
whereas language lateralization toward the nonsurgical (right) 
hemisphere was associated with less or no decline (Fig. 10.4). 
Of note, an LI based on a frontal lobe ROI was considerably 
less predictive (r = -0.47, p < 0.05), suggesting that an opti- 
mal LI is one that indexes lateralization near the surgical 
resection area. The fMRI temporal lobe LI showed 100% sen- 
sitivity, 73% specificity, and a positive predictive value of 
81% for predicting significant decline. By comparison, the 
Wada language LI showed a somewhat weaker correlation 
with decline (r = -0.50, p < 0.05), 92% sensitivity, 43% speci- 
ficity, and a positive predictive value of 67%. 

These results suggest that preoperative fMRI could be 
used to stratify patients in terms of risk for language decline, 
allowing patients and physicians to more accurately weigh 
the risks and benefits of brain surgery. It is crucial to note, 
however, that these results hold only for the particular methods 



10 
5 

8 o 


-* * 


• 


:• 
















v~~ *~ 








O) -5 
O -10 








^ 








fi -15 








• 


^\* 


• 


• 


| -20 
Z -25 










• 






| -30 

CO 

-35 
.An 












• 


• 



-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 
FMRI Temporal Lobe Laterality Index 
FIG. 10.4. Scatterplot depicting the relationship between preopera- 
tive lateralization of language-related brain activation in a temporal 
lobe region of interest and postoperative decline in confrontation- 
naming performance. (Reprinted with permission from Sabsevitz 
etal. 2003 (179).) 



used in the study and may not generalize to other fMRI 
protocols, analysis methods, patient populations, or surgical 
procedures. Future studies should not only confirm these 
results using larger patient samples but also test their gener- 
alizability to other protocols. 



'Tailoring' Resections 

It remains to be established how useful fMRI language 
activation maps will be for more precise planning of sur- 
gical resections. At least three significant problems 
complicate progress: 

• inconsistencies in language maps produced by different 
activation protocols 

• the failure to date to find an activation protocol that 
reliably activates the anterior temporal lobe, where the 
majority of epilepsy surgeries are performed 

• an inadequate understanding of the specificity of fMRI 
activations. 

As indicated earlier, different fMRI language activation 
protocols in current clinical use produce markedly different 
patterns of activation (116, 180, 181). While it is plausible to 
anticipate minor variation in activation profiles due to differen- 
tial demands on separate subcomponents of language functions 
by different activation tasks, it is unlikely that this accounts 
for the full range of variance in these studies. Rather, these 
findings suggest that activation maps are strongly dependent 
on the specific contrast made between language and control 
tasks used in the activation protocol (see discussion above). 
Of note, none of the language activation protocols currently 
in common use are associated with robust anterior temporal 
lobe activation. Because the dominant anterior temporal lobe 
is known to contribute to language processes (1 19, 182-186), 
and left anterior temporal lobectomy not infrequently results 
in language decline (187-190), it follows that these proto- 
cols are not detecting crucial language areas. Clearly, further 
language activation task development is necessary. It may 
also be necessary, as some have suggested (163, 181), to 
incorporate multiple activation protocols before a complete 
picture of language zones in an individual can be discerned. 

In addition to these issues concerning sensitivity of the 
activation protocol, it is conceivable that some regions acti- 
vated during language tasks may play a minor or nonspecific 
role rather than a critical role in language. Resection of these 
'active' foci may not necessarily produce clinically relevant 
or persisting deficits. Thus, those who would use fMRI acti- 
vation maps to decide which brain regions can be resected in 
an individual patient run two risks: 

• resection of critical language zones that are 'not 
activated' because of insensitivity of the particular 
language activation protocol employed, resulting in 
postoperative language decline 
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• sparing of 'activated' regions that are actually not critical 
for language, resulting in suboptimal seizure control. 

Only through very carefully designed studies - in which 
resections are performed blind to the fMRI data, standardized 
procedures are used for assessing outcome, and quantitative 
measures are made of the anatomic and functional lesion - 
will the usefulness of fMRI language maps for 'tailoring' 
surgical resections be determined. 



PREOPERATIVE MAPPING OF MEDIAL 
TEMPORAL LOBE MEMORY SYSTEMS 

The hippocampus and associated medial temporal lobe 
structures subserve episodic memory function, and amnestic 
syndromes are accordingly the most significant cognitive 
deficits resulting from temporal lobectomy. The selective 
intracarotid amobarbital, or Wada, test was initially devel- 
oped to determine lateralization of speech dominance (191) 
and was subsequently extended to evaluate lateralized asym- 
metries in memory function in an effort to additionally predict 
the occurrence of amnestic syndromes following resections 
(192). While the Wada test has been the gold standard for 
preoperative lateralization of language and memory func- 
tion, it is invasive and provides only a limited period of time 
for testing. Other problems associated with Wada testing 
include known injection-side order effects (193, 194), vari- 
able cross-flow of amobarbital to the contralateral hemi- 
sphere, and the fact that the hippocampus is not actually 
supplied by the anterior circulation and is therefore deaffer- 
ented rather than directly anesthetized during Wada testing. 

For the reasons noted above, presurgical mapping of 
memory function in temporal lobe epilepsy (TLE) is an 
obvious application for clinical fMRI. The primary goal 
would be to determine the extent to which the affected ver- 
sus unaffected temporal lobes are engaged during memory 
processes. This information would presumably be of use 
in determining the risks of amnestic complications from 
temporal lobectomy. Further, if prospective studies clearly 
demonstrate that resection in a region of fMRI activation 
results in a decrement in memory performance, fMRI data 
might further be used in planning specific resections in indi- 
vidual cases to avoid postsurgical amnesia. Because mem- 
ory function is subserved by the same brain regions that 
typically harbor the seizure focus itself, memory activation 
patterns observed with fMRI may also contribute to seizure 
lateralization in TLE and to prediction of seizure-free out- 
come from temporal lobectomy, as has been demonstrated 
for the memory portion of the Wada test (195, 196) and 
interictal metabolic imaging (197, 198). 

However, applications of fMRI to memory lateralization 
have thus far been much less studied than language lateral- 
ization, and are also more challenging for a variety of rea- 
sons. The hippocampus has been notoriously difficult to 
activate reliably. This may be at least partly attributable to 



difficulties in disengaging memory function for a control 
condition, as well as identifying a good active task. The hip- 
pocampus is also in a region of comparatively high static 
susceptibility, resulting in decreased sensitivity for BOLD 
fMRI. Efforts to overcome these obstacles include the use of 
Z-shimming (199) or ultrathin slices (200) to minimize sus- 
ceptibility artifacts, or the use of ASL contrast with suscepti- 
bility-independent imaging sequences. Finally, as compared 
to language functions, which are subserved by large cortical 
regions through the hemisphere, the hippocampal formation 
has a much smaller volume of tissue and therefore SNR for 
detecting hippocampal activation is greatly reduced. Future 
studies will move to higher magnetic field strengths to 
increase sensitivity of fMRI in the medial temporal region. 
Multicoil arrays may also improve sensitivity, though the 
medial temporal cortex is actually rather far from the surface. 

Episodic memory is typically engaged during fMRI by 
explicit or incidental encoding tasks, with subsequent recogni- 
tion testing to verify encoding success. A variety of stimulus 
materials have been used for this purpose, though encoding of 
complex visual scenes, as originally described by Stern et al. 
(201) has been the most widely used task. This task produces 
bilateral activation. Encoding of material-specific stimuli has 
also been used in an attempt to selectively engage right or left 
hemispheric memory systems (202, 203). Several groups have 
also examined both novel and familiar stimuli (204-206), find- 
ing that contrasting novel versus familiar stimuli yields robust 
activation in the hippocampal formation. 

While the hippocampus proper is the brain region most 
commonly associated with episodic memory function, 207 
fMRI studies have often demonstrated that much of the acti- 
vation is located more posteriorly in the parahippocampal 
formation, at least for visual stimuli (200, 201, 208). The hip- 
pocampal system comprises two cytoarchitectonically distinct 
regions. The hippocampal formation, which includes the horn 
of Ammon, dentate gyrus, and subiculum, consists of three- 
layered allocortex, whereas the parahippocampus, which 
includes the entorhinal and posterior medial parahippocam- 
pal cortices, consists of six-layered mesocortex. The parahip- 
pocampus receives convergent input from the various 
cortical sensory association areas. In turn, the parahippocam- 
pus provides the majority of cortical input to the hippocam- 
pal formation, with which it is reciprocally connected. A 
majority of the afferent and efferent signals between the 
cerebral cortex and the hippocampal formation are relayed 
via the parahippocampus. Afferent signals of cortical origin 
follow the transhippocampal loop. Signals enter the entorhi- 
nal cortex and pass through the dentate gyrus, sectors CA1, 
CA2, and CA3 of the hippocampus proper, and the subicu- 
lum, before returning to the entorhinal cortex, whence they 
are re-projected back to the areas from which they originated. 
Because extrahippocampal lesions that interrupt the tranship- 
pocampal loop impair the formation of long-term declarative 
memory, it appears that the back-projection of signals from 
the hippocampus to the cerebral cortex via the parahippocam- 
pus may be essential for declarative memory encoding (209). 
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In most fMRI studies, activation within the entire medial 
temporal lobe has been considered. Sperling et al (206). 
found that encoding of novel versus familiar stimuli yielded 
activation more anteriorly in the medial temporal region. 
The use of a blocked design maximizes sensitivity and min- 
imizes the need for accurate models of when encoding actu- 
ally takes place during stimulus processing and of the 
hemodynamic response. In contrast, event-related designs 
allow segregation of successfully and unsuccessfully 
encoded trials (60), which may be useful in matching 
patients and controls for task performance. 

Encoding of complex visual scenes resulted in asymmet- 
rical activation in a small series of patients with primarily 
right-sided unilateral TLE (210) (Fig. 10.5). In this study, a 
simple asymmetry index was calculated based on right and 
left sided regions of interest. Golby et al (211). subsequently 
used novel versus familiar stimuli of various modalities, and 
also found decreased activation ipsilateral to the seizure 
focus in another small series of patients with unilateral TLE. 
The use of material-specific stimuli may more closely 
approximate the Wada memory test, although if normal acti- 
vation is unilateral, an asymmetry index cannot be calculated 
and some internal reference will be required to calibrate the 
observed activation in patients. 

These studies also compared fMRI memory lateralization 
with that obtained by Wada testing, demonstrating that mem- 
ory lateralization by these two modalities agreed to a large 
extent. However, because fMRI examines endogenous func- 
tion while the Wada test is fundamentally a lesion study, it is 
also reasonable to expect that these modalities may differ, and 
that the findings obtained with each modality may be com- 
plementary rather than entirely duplicative (212). Reductions 
in fMRI memory activation also appear to correctly lateralize 
seizure foci in the majority of cases (213, 214), and very pre- 
liminary results also suggest that postsurgical amnesia correl- 
ates with fMRI activation ipsilateral to the resection. 215 
Binder et al (213). found that anterior hippocampal activation 



during memory encoding correlated better with seizure later- 
alization than activation in other medial temporal regions. 

Complex cognitive functions such as memory typically 
activate a distributed network of brain regions, not all of 
which are critical for task performance. Conversely, some 
critical regions may not be activated due to limitations in 
sensitivity or task design. fMRI studies of memory in TLE 
represent an ideal clinical application for this new modality 
and provide an excellent model for validating fMRI more 
generally. TLE is a relatively stereotyped disorder that is 
confined to a small brain region; therefore, only a limited 
number of activation paradigms must be developed to assess 
its function. Furthermore, since temporal lobectomy is 
currently clinically indicated in many patients with TLE 
regardless of fMRI findings, it provides an opportunity to 
determine the consequences of resection in or near a region 
of focal activation. The use of fMRI before and after tem- 
poral lobectomy also provides a model for studying neuro- 
plastic responses in human brain. 

As with any new diagnostic or therapeutic modality, 
fMRI memory localization should be carefully validated in 
a prospective fashion before use in routine clinical manage- 
ment. In addition to the technical improvements in fMRI 
acquisition described above, more robust data analysis 
procedures are also required to reliably detect activation in 
the relatively small hippocampal formation. Machulda et al 
(216). observed that fMRI localization within the hippocam- 
pal formation varied with thresholding parameters, although 
laterality did not. Activation also varies with memory per- 
formance (60). The test-retest reliability of memory activation 
paradigms is uncertain and needs to be more firmly estab- 
lished. Existing data suggest substantial variability in activa- 
tion volume from scan to scan (217), although the location of 
this activation was relatively constant. These shortcomings 
will hopefully be addressed through a more thorough under- 
standing of the sources of variability between subjects and 
scans, the development of more sensitive fMRI methods, and 




FIG. 10.5. Functional MRI of episodic memory in TLE. A. Examples of complex visual scenes and control images used during a scene 
encoding task. The control is a single randomly retiled image. Subjects are asked to remember the scenes for subsequent testing. B. Group 
activation map (n = 1 7) using a random effects model showing activation in visual association cortex and extending into the medial temporal 
lobe and hippocampus (arrows). C. Suprathreshold activation in a medial temporal region of interest in patients with right (top) and left 
(bottom) TLE. Decreased activation is observed in the region ipsilateral to the seizure focus (arrows). 
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optimization of activation tasks and analysis procedures. It is 
likely that fMRI localization and lateralization of memory 
function will ultimately contribute to the presurgical man- 
agement of TLE and other medial temporal lobe lesions. 
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CHAPTER 11 

Magnetic Resonance Neurophysiology: 
Simultaneous EEG and fMRI 

Anthony B. Waites, David F. Abbott, Steven W. Fleming and Graeme D. Jackson 



INTRODUCTION 

This chapter describes techniques that combine the spatial 
resolution of MRI with the temporal resolution of the electro- 
encephalogram (EEG) by concurrently acquiring EEG and 
functional MRI (fMRI). This is one of the most exciting new 
advances in epileptology and we believe that it will form the 
basis of major new insights into mechanisms of seizure gener- 
ation and epilepsy concepts. Like fMRI when it was first devel- 
oped, it has become possible because of technology advances. 
In this case it is the ability to measure the few millivolts of the 
EEG scalp signal in the hostile environment of the MR scanner 
where up to several volts of artifact have to be dealt with. 

Electroencephalography has been a mainstay of the clin- 
ical diagnosis of epilepsy for decades, and a vast array of 
abnormal interictal and ictal cerebral electrical activity has 
been identified with the epilepsy syndromes. While its util- 
ity is unquestioned, EEG is only capable of revealing part of 
the information required to understand epileptic pheno- 
mena. The temporal resolution of EEG is high but its spatial 
resolution is relatively low, a problem that until recently 
could only be partially solved by the use of invasive methods 
such as intracranial recordings including surface or depth 
electrodes. The behavior of the cerebral vasculature during 
particular electrical events is also poorly understood, 
although it has been known for some time that dramatic 
blood flow changes, often large, occur during seizures (1). 

Functional MRI allows one to explore the local vascular 
response, and indirectly the coupled neural response to par- 
ticular stimuli. As described in Chapter 10, fMRI has found 
clinical use in the mapping of areas of eloquent cortex by 
localizing cerebral blood-oxygen-dependent (BOLD) signal 
changes while subjects perform certain tasks. 



BOLD changes also occur during seizures, and these can 
be measured with fMRI (2-4). It is extremely difficult to per- 
form such measurements, however, for it requires the subject 
to have a seizure in the scanner during fMRI acquisition, 
while remaining very still so that the study is not ruined by 
motion artifact. It is much more feasible to scan a subject 
while abnormal subclinical interictal events are occurring, 
such as spike and slow wave activity. It is clear that BOLD 
changes also occur around the time of these events, either as 
a result of the abnormal electrical activity or perhaps even 
leading up to it. Unfortunately, BOLD signal fluctuations 
alone are generally too small to delineate regions of abnor- 
mality if the timing of the related electrical activity is not 
known. EEG can give us that timing information if it can be 
performed within the MR scanner. 

In this chapter we describe the technological advances that 
have led to the ability to concurrently acquire EEG and fMRI 
data. We review the results of the few studies to date that have 
made use of this technology, including figures primarily from 
our own work as examples of applications of the method. We 
conclude that simultaneous EEG and fMRI is a powerful 
technique that is certain to further our understanding of the 
mechanisms of epilepsy, and is likely to revolutionize clinical 
diagnosis and management through greater understanding of 
this and other diseases. 



THE EVOLVING AND EXPANDING ROLE OF 
MAGNETIC RESONANCE IMAGING 

In addition to providing unsurpassed anatomic detail, 
MR can provide images that reflect a number of physiologic 
processes. fMRI shows increased signal-intensity in areas of 



300 / Chapter 11 



high blood flow as a result of a fall in deoxyhemoglobin, 
as detected by BOLD contrast techniques (5-8). fMRI has 
been used to localize brain areas associated with many 
motor, sensory, and cognitive tasks. Oxygenated hemoglo- 
bin (oxyHb) has magnetic properties similar to surrounding 
brain tissue, while deoxyHb does not. The T2*-weighted 
MR imaging technique used is very sensitive to changes in 
local magnetic properties. Sequential images can be rapidly 
obtained giving fMRI the unique ability to provide excellent 
temporal as well as spatial information. MR spectroscopy 
can detect metabolites important in neuronal function such 
as N-acetyl aspartate, creatine, choline and phosphocholine, 
glutamine and glutamate, and lactate (see Chapter 13). 
Diffusion-weighted MRI detects cell swelling (see Chapter 12) 
and, like MR spectroscopy, may show persisting changes 
some time after the event. 

Successful surgical treatment of epilepsy is dependent 
upon accurate localization of the seizure focus. While 
standard MRI imaging will frequently reveal a causative 
anatomic abnormality in temporal lobe epilepsy, this is often 
not the case in extratemporal epilepsy. 



WHERE DOES fMRI/EEG FIT IN EPILEPSY 
INVESTIGATIONS? 

To define the epilepsy process it is conceptually neces- 
sary to define three parameters that provide information in 
different domains (dimensional quality or axis). These are: 

• the clinical context of the seizure 

• the fixed or structural focal abnormality in the brain 

• the functional site of origin of ictal activity (see Chapter 1). 

Of these we have a long epileptologic tradition to define 
the first, many imaging methods to define the second, and 
few methods to define the third. The importance of simulta- 
neous fMRI/EEG is that it provides additional and new tools 
to help define the intermittent functional events at the core 
of epileptic seizures. 

There is considerable evidence that partial epileptic 
seizures cause intense cerebral activation and regional 
increases in blood flow. Increased blood flow, often large in 
magnitude and extent, has been demonstrated with ictal 
single-photon-emission computed tomography (SPECT; 
Chapter 14). Focal increases in metabolism have been dem- 
onstrated with ictal positron-emission tomography (PET) in 
some patients with partial onset seizures (Chapter 15). Ictal 
PET studies in patients with generalized epilepsies have 
produced variable results but tend to argue against regional 
or general increases in cerebral metabolism. Compared to 
these techniques, ictal fMRI has the advantage both of high 
spatial resolution and the ability to sample brain function 
with relatively good temporal resolution compared to these 
other imaging techniques (but still poor compared to EEG 
and magnetoencephalography, MEG). fMRI/EEG therefore 



has the potential to demonstrate important aspects of the 
generation of seizures, the vizualization of which has not 
previously been possible. As will be seen in later parts of 
this chapter, much of this potential is starting to be realized. 

Whereas EEG delivers excellent information on the 
timing of the spikes, it is poor in precisely locating the 
source of the discharges. Sophisticated EEG analysis tech- 
niques, such as dipole modeling, can improve the local- 
ization qualities of scalp EEG (9). Intracerebral EEG allows 
recording directly from the seizure focus, or from a brain 
area in close proximity to the seizure focus. Whereas intra- 
cerebral EEG gives very precise temporal and spatial infor- 
mation, it is invasive and expensive, and thus limited to a 
small proportion of subjects. Furthermore, it is restricted to 
the implanted brain area. Therefore, there is a clear need for 
a noninvasive, whole brain investigation tool to localize the 
seizure focus. 

Another problem is that only about 70% of patients with 
refractory focal epilepsy show a lesion on MR imaging, 
which in many instances reflects the seizure onset zone 
(see Chapter 2). Advances in neuroimaging techniques 
have greatly improved detection of structural abnormalities 
associated with the seizure focus. However, in some patients 
no abnormality can be detected, or in the presence of a 
larger lesion it may not be clear which parts of the lesion are 
responsible for seizure generation. The application of fMRI/ 
EEG techniques to this problem uses the spatial localization 
qualities of fMRI combined with the temporal precision of 
discharges on EEG recording. 

In 1994, we first demonstrated that functional MRI is a 
potential tool for seizure focus localization in a 4-year-old 
child who had frequent focal motor seizures (2). Such early 
studies used clinical signs for seizure detection, as EEG 
recording during scanning was not possible at that stage. 
Now, 10 years later, many of the technical problems are 
solved, and several centers worldwide now report successful 
studies with a combination of EEG recording and MR 
imaging with the aim of seizure focus localization. 



TECHNICAL CONSIDERATIONS 

As we have argued above, combined fMRI/EEG is a very 
promising methodology that combines knowledge about 
neuronal activity and its metabolic response. The human 
EEG, recorded on the scalp for clinical purposes, is in the 
range of 10-200 uV. Clinical MRI systems operate with 
magnetic fields up to 3T. Technical problems associated 
with the technique include EEG artifacts caused by the high- 
intensity magnetic field and rapidly changing field gradients. 

Any movement of a conductor in the static magnetic field 
can induce a voltage in the lead, which, as well as degrading 
image quality, can be potentially dangerous for the patient, 
unless safety precautions are taken (10). Movement can be 
due to patient head movement, cardiac-induced scalp/head 
movements, and vibration of the leads due to scanner noise. 
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One way to overcome artifacts associated with the gradi- 
ent switching of MR image acquisition is to record EEG 
only during times when the patient is in the magnet but there 
is no MR imaging. The MR images are acquired after visual 
identification of a spike (spike image) and after periods of 
normal EEG background (control image). The time lag of 
several seconds between the spike event and the acquisition 
allows acquisition of the image during the peak of the hemo- 
dynamic response (11). This method is relatively simple; 
however, it has the disadvantage that only a small time window 
after a discharge can be assessed, and no EEG information can 
be obtained during scanning. Successful spike-triggered fMRI 
has been reported by several groups (12-21). 

Truly concurrent fMRI/EEG recording is technically 
more challenging but has great potential for clinical and sci- 
entific neurologic applications. In contrast to spike-triggered 
fMRI the entire hemodynamic response after a discharge can 
be assessed, and the continuous imaging and EEG recording 
allows investigation of changes prior, during, and after inter- 
ictal and ictal discharges. Several methods have been devel- 
oped to reduce the ballistocardiogram (22, 23) and the 
artifact caused by currents induced by rapidly changing mag- 
netic gradients (24-27). In contrast to the averaging of many 
interictal epileptiform discharges (IEDs), performed with 
spike-triggered fMRI, continuous fMRI/EEG assesses each 
discharge as a single event. In order to assess whether single 
spikes are associated with sufficient fMRI activation to be 
useful, one study assessed the BOLD response after each 
spike in a patient with focal epilepsy (21). About one-third of 
the 43 assessed spikes were associated with a significant 
BOLD signal change, suggesting that this method is feasible. 
Further demonstrations of the feasibility of continuous EEG 
during fMRI can be found in recent publications (28-32). 



interictal discharges is often similar to other fMRI experi- 
ments (29). The areas identified by fMRI/EEG seem to be 
reproducible, at least in one study, which assessed a single 
patient on four separate occasions (20). 



PRACTICAL ISSUES FOR PERFORMING 
ENCEPHALOGRAPHY INSIDE THE 
MAGNETIC RESONANCE IMAGING 
SCANNER 



Many obstacles need to be overcome to achieve si 
ful EEG recording in MRI scanners. The MR environment is 
a hostile one for recording EEG. High-field (3 T) recordings 
are even more difficult than with 1.5 T systems. Nonetheless, 
it can be done, and a number of centers have developed solu- 
tions. We describe here some of the more significant issues 
that one must consider if these studies are to be successfully 
undertaken. 



Patient Safety 

The most important consideration while recording EEG 
in a scanning MRI is patient safety. To record EEG in an 
MRI, electrodes are placed on the patient's scalp. These are 
connected via EEG leads to the EEG amplifier, which in 
turn is connected to a recording device. Apart from the 
normal safety considerations observed while recording 
EEG, a number of new safety concerns need to be addressed 
before recording in a scanning MRI can be performed 
safely. 



WHAT IS MEASURED BY FMRI/EEG? 

Logothetis et al. co-registered intracranial recordings of 
neuronal signal and functional MRI in monkeys. They found 
that the focal BOLD signal change primarily measured the 
input and processing of neuronal information within that 
focal region, detected as measured changes in local field 
potentials (7, 33). This indicates that BOLD signal reflects 
neuronal activity in a focal brain area. Interictal discharges 
reflect spontaneous neuronal activity, and therefore it seems 
reasonable that fMRI/EEG might be able to identify the 
anatomic area from which interictal discharges arise. It has 
been shown that interictal spiking produces focal increases 
in cerebral blood flow and glucose metabolism (34). The 
area of blood flow increase corresponded to the site of max- 
imal ictal EEG abnormality recorded with implanted elec- 
trodes (34). As part of the BOLD response can be explained 
by blood flow increase, this is a further indication that the 
area identified by fMRI/EEG represents the seizure focus. 

The BOLD response to single IEDs can vary (35). 
However, the shape of the hemodynamic response after 



Magnetic Field Attractive Force 

Ferrous materials becoming projectiles in the magnetic 
field can injure patients. All ferrous material will be attracted 
to the magnet, the force of attraction depending on the type, 
shape, and mass of the material. For the safety of the patients, 
all materials used for the EEG system should be nonferrous. 



Radiofrequency Burning 

Without careful preparation, patients can be burnt when 
connected to conductors in a scanning MRI. Radiofrequency 
energy generated while scanning induces high voltages in 
loops formed by EEG leads - up to 8000 V/m 2 at 1 .5 T (36). 
If current flow through the patient due to this voltage is not 
restricted the patient can be burned. Low-impedance paths 
for current flow could be due to: 

• low input impedance of a faulty EEG amplifier channel 

• low impedance through low-pass radiofrequency filter on 
the input to EEG channels 
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• low impedance caused by capacitive coupling between 
the EEG leads 

• low impedance caused by bad insulation on cables 
shorting together or to the patient 

• multiple ground electrodes (36). 

Although avoiding all the above should remove the risk 
of burning, using high-impedance leads or current-limiting 
resistors can reduce the risk further. It has been shown at 
1.5 T with a circularly polarized coil (36) that including 
more than 13k series resistors as close to the EEG electrodes 
as possible will limit current flow to safe levels. The current 
flow can also be reduced by minimizing the loop areas 
formed by the EEG leads, as the voltage induced is directly 
proportional to the loop area. 

Magnetic Resonance Imaging Artifacts - 
Degradation of Image Quality 

The main obstacles to the acquisition of good-quality 
MRI images during a simultaneous fMRI/EEG experiment 
are susceptibility artifact induced by the leads and elec- 
trodes, and radiofrequency interference induced by the EEG 



electronics equipment degrading acquired fMRI images. 
The former can be minimized by use of nonmetallic electrodes 
and the latter by placing the EEG recording equipment outside 
the scanner room. One can use a shielded headbox located in 
the magnet room to convert and transmit via optical fiber the 
signals from the EEG leads, with a reciprocal converter 
located outside of the magnet room. 

Limitations of Electroencephalography in the Scanner 

The acquisition of EEG within the MRI scanner is diffi- 
cult. Movement of a conductor in a magnetic field generates 
a voltage or electromotive force (EMF). Power generation 
utilities use magnets of less than 1 T in strength to generate 
voltages in excess of 300 000 V. The human EEG, recorded on 
the scalp for clinical purposes, is in the range of 10-300 ^V. 
Clinical MRI systems typically operate with magnetic fields 
of up to 3 T. In order to record the very low EEG signal reli- 
ably in an MR system, these induced artifactual signals must 
be isolated from the EEG and removed. A typical EEG 
recorded in a 3T scanner is shown in Figure 11.1. When the 
scanner is off, pulse artifact can be seen. The gradient artifact 
hides all EEG signal during the periods of scanning. 




FIG. 11.1. Raw (uncorrected) EEG signal acquired within a 3T MR scanner. The displayed panel shows EEG and ECG signals before scanning 
(left), during prescan (middle) and after commencement of the EPI scan (right). Gradient artifact obscures all other EEG signals during scanning. 
The pulse artifact is present throughout the EEG (seen by aligning the ECG with the peak in the QRS complex). At least one possible candidate 
spike is seen in the trace (arrow). 
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Gradient-induced Artifacts 



Spike-triggered Acquisitioi 



In order to record the very low level EEG in an MR 
system we must deal with the large EMF induced in 
the EEG leads during scanning. These gradient induced arti- 
facts are caused by conductive loops formed by the EEG 
leads and scalp being exposed to the changing gradient 
fields. 



The Scale of the Gradient Induced Artifacts 

Knowing the gradient slew rate (the rate of change of the 
gradient field) and the size and position of the conductive 
loop, we can calculate the approximate EMF induced using 
Faraday's law: 

EMF = -dO/df. 

It must be noted that the actual voltage induced in EEG 
leads depends on the area of the loops and their position rel- 
ative to the gradient fields, which in turn depends on the 
EEG montage and patient positioning. 

In this case the rate of change of flux (dO/df) is the result 
of slewing (rapidly changing) the X, Y, Z gradients. The rate 
of change of magnetic flux is a function of 

• gradient slew rate 

• the area of a closed path normal to, and enclosing the 
flux, and 

• the distance between the normal surface and the 
magnetic center of the gradients (iso-center). 

Pulsing one gradient, on a system capable of 150T/m/s, 
assuming a loop area of 0.1 m x 0.1 m @ 0.1 m from iso- 
center: 



(1) 



EMF = -dO/df 

= -A x dB/dt 
= -(0.1x0.1x0.1)xl50 

= 0.15 V peak or 0.3 V p-p for both positive- and 
negative-going gradient changes. 

This is at least three orders of magnitude larger than the 
EEG signal, so without counter-measures gradient-induced 
artifacts will completely obscure the EEG data (22, 36). 



Dealing with Gradient-induced Artifacts 

From Equation (1) it is evident that the gradient-induced 
EMF is directly proportional to the loop area and slew rate 
(dB/dt). Although the slew rate is fixed, twisting the EEG 
leads together as close to the head as possible can reduce the 
area (37). 



The most obvious solution to gradient artifact is only to 
operate the EEG equipment while the scanner is not acquir- 
ing images. One such approach is spike-triggered fMRI, 
where the EEG is observed by an expert electroencephalo- 
grapher in real-time until an event of interest occurs (such as 
a spike and slow wave event), at which point the radiogra- 
pher is instructed to acquire a single MR imaging volume 
and the EEG equipment is switched off. If enough events 
are captured and compared to baseline images (acquired 
after periods of normal EEG activity), areas of activation or 
deactivation (where signal increase or decrease is present 
only immediately after a spike) can be inferred (13, 38). 

The main problems with this approach are practical. The 
acquisition is time-consuming, since scans are acquired only 
infrequently. Further, the shape of the hemodynamic 
response cannot be measured, since to avoid changing inten- 
sity and contrast in the images due to Tl effects, only a 
single image is acquired following each spike or rest event. 
In order to avoid possible spikes occurring during MR scan- 
ning when the EEG is unmonitored, a pause of at least 15 
seconds is inserted following an MR acquisition (Fig. 1 1.2). 
This creates a further limitation, as some patients have very 
frequent interictal discharges (every few seconds), so it 
would be impossible to unambiguously interpret BOLD 
changes in a spike-triggered study of these subjects. 



Interleaved Techniques 

In order to increase the signal to noise of a study, it would 
be advantageous to increase the number of images acquired 
per unit time. This has been achieved using interleaved fMRI 
and EEG. In its simplest form, EEG is acquired for a period 
of time, then the EEG equipment is switched off while some 
MR images are acquired, and then image acquisition is 




FIG. 11.2. Spike-triggered fMRI-EEG. BOLD response to the spike 
is sampled by waiting 3 seconds following the spike, which aligns the 
single MR image volume with the maximum of the hemodynamic 
response. A series of single rest scans are acquired after a period of 
EEG inactivity. The 15-second minimum delay assures no BOLD 
response to a missed EEG spike during MR acquisition, as well as 
allowing full T1 relaxation. 
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stopped so that more EEG can be acquired, and so on. 
(28, 39). The problem here is that there is a variable time 
between acquisitions, since some are preceded by an EEG 
period. The nonequilibrium of spin effects result in different 
Tl image contrast between the first few images acquired 
when MR scanning commences after a period without scan- 
ning. In conventional fMRI these first few images are usu- 
ally discarded, but here the first image acquired is likely to 
be the most important, as the BOLD signal change related to 
the spike will have substantially decayed by the time the 
spins have reached equilibrium. 

A logical extension of the interleaved EEG/fMRI acqui- 
sition is a 'near simultaneous' method where the timing 
of each EEG and fMRI acquisition is short. Rather than 
acquiring a block of fMRI followed by a block of EEG, a 
single fMRI acquisition is performed with an effective rep- 
etition time sufficiently long to allow a short period of EEG 
acquisition before the next fMRI acquisition. The EPI fMRI 
sequence used must allow all slices to be acquired very 
quickly followed by a 'silent' period where a few seconds of 
EEG can be acquired (28, 39). This method mitigates many 
of the problems of slow interleaved EEG and fMRI blocks, 
however as there is still a time period of half a second or 
more where EEG must be switched off while the fMRI 
acquisition occurs. Thus there is the possibility that some 
spikes could be missed, thus creating problems of interpre- 
tation and possibly leading to decreased power in a study. 



SIMULTANEOUS AND CONTINUOUS EEG 
AND FMRI 

The ideal is to obtain simultaneous and continuous high 
quality fMRI and EEG data without gradient artifact and in 
real time. 

In most published examples, near real time can be 
achieved using some sort of post-processing of the EEG. 
There have been various strategies for the removal of the 
gradient artifact during simultaneous and continuous EEG. 

The first strategy uses a hard-wired montage of elec- 
trodes. By a careful positioning of electrode leads, the loop 
area and therefore the artifact can be reduced dramatically. 
In combination with low-pass filtering, to remove the high- 
frequency gradient switching component of the artifact, the 
residual signal is a combination of the EEG signal and 
frequency components related to the scanning rate (images 
per second). Unfortunately, filtering cannot be used to 
remove these components as they are in the same range as the 
EEG signal. 

The second strategy is to attempt to eliminate the gradient 
artifact using a post-processing filter. This approach requires 
a wide-bandwidth, high dynamic range EEG acquisition sys- 
tem, in order to adequately sample both the large artifactual 
signal and the EEG signal of interest. The artifact is removed 
by applying narrow rejection filters targeted at the frequencies 
of the imaging gradients (26). These frequencies are known 



from the imaging protocol, and are verifiable by looking at 
the Fourier transform of the EEG signal, where the gradient 
switching frequency and its harmonics can be seen as spikes 
in the frequency distribution. 

Another approach is to sparsely sample the EEG in 
a manner that avoids measurement during the gradient 
switching (40). By repositioning the gradients in relation to 
the EEG sampling frequency, it is possible to sample only 
when the imaging gradients are constant. This method leads to 
a compromise in measurement performance with regard to the 
achievable TR, imaging volume, and EEG sampling frequency. 



Movement-induced Artifacts 

As stated earlier, movement of the electrodes or leads in 
the magnetic field can generate a further artifact. This move- 
ment can be periodic, due to pulsatile blood flow effects in 
the scalp, or random, due to random patient head motion. 
These movements cause slight changes in the position of 
the EEG leads near the scalp (41, 42). If these movements 
change the amount of magnetic flux enclosed in the loop 
then they will induce an EMF in the EEG leads. 



The Scale of Movement Induced Artifacts 

In this case the rate of change of flux (dQ>/dt) is the result 
of the loop area exposed to the main field changing. The rate 
of change of flux is a function of the rate of change in area 
of a closed path normal to, and enclosing the flux of the 
main MR field, and the field strength of the magnet. 
Assuming a field of 3 T, a loop area of 0. 1 m x 0. 1 m, 0. 1 mm 
movement of one side of the loop over 40 mSec (cardiac QR 
segment) then 

EMF = -dO/df (2) 

= -B x dA/dt 

= -3 x (0.1 x (0.1 - 0.0999))/0.04 
= 750nV. 

This is more than double the size of a large EEG signal. 

Movement artifacts may be reduced by restricting patient 
and cable movement and by reducing the area of loops 
formed by the head and EEG leads. The periodic component 
of the cardioballistic movement artifact has been success- 
fully removed by post-processing (24, 41). The combined 
effects of correction for gradient artifact and cardioballistic 
artifact leads to an EEG signal that approaches the quality of 
EEG outside the magnet (Fig. 11.3). 

The performance of the algorithm for correcting cardio- 
ballistic artifact is largely dependent on the accurate identi- 
fication of the timing of the peak of the QRS complex 
in the ECG, which depends on the quality of the ECG. 
In the MR scanner, especially at high field, the ECG 
becomes broad, making accurate timing difficult to obtain. 
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FIG. 11.3. Typical in-scanner (1.5T) EEG before (left) and after (right) removal of pulse artifact and gradient artifact. (With permission from 
Salek-Haddadi et al. 2003 (44).) 



This makes the quality of artifact removal variable and 
subject- specific. 

A further problem, not so easy to deal with, is random 
patient motion. This can lead to a random and isolated EEG 
artifact, which cannot be easily corrected. In some cases 
these artifacts can look disturbingly like the epileptogenic 
transients that we are trying to identify. Motion detection 
may be essential to identify these as artifacts. This also 
makes it absolutely critical to have an experienced epilepto- 
logist present who can identify true EEG events of interest 
based on their spatial and temporal characteristics. 



Image Analysis 

Spike-triggered analysis is simple to perform. Since only a 
single image is acquired following each spike or rest event, 
there are no requirements to model the hemodynamic 
response. One may simply group scans into rest and spike cat- 
egories and perform a Student's f-test to judge significance. 

Most recent studies from major centers have focused on 
continuous, simultaneously acquired fMRI and EEG. 



Analysis of these data uses a method known as spike-related 
fMRI-EEG (29, 35, 43). This approach follows simultaneous 
acquisition of fMRI and EEG with post-scan EEG analysis. 
The EEG is first processed to minimize the pulse and gradi- 
ent artifacts mentioned above, then read by an epileptologist 
to classify all EEG changes. Those considered to be IEDs are 
then treated as events of interest in an event-related analysis 
of the fMRI data. This involves creating a model timecourse 
that is switched on during the IED and convolving this func- 
tion with an appropriate hemodynamic response function 
(HRF) to model the delay caused by the vascular origin of 
the BOLD contrast in fMRI. This basis function is included 
in the analysis, and variance correlated to this model is 
compared to residual variance. Voxels are considered to be 
activated during the IEDs when the modeled variance is sig- 
nificant compared to the residual variance. The main benefit 
of the spike-related approach is the increased amount of data 
acquired, so that shorter studies can lead to a significant 
result. Further, continuous acquisition of data allows the 
measurement of the actual HRF of a region. 

As summarized by Salek-Haddadi et al (44), studies vary 
in their analysis approach, including acquisition method 
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FIG. 11.4. Timecourse of measured BOLD response to lEDs for four subjects. The red dashed line represents the fitted canonii 
hemodynamic response to spikes. The four subject's responses (A-D) show significant variation from the standard response, but interregioi 
differences (shown in B, D) appear to be small. (With permission from Benar et al. 2002 (35).) 



(spike-triggered or continuous, spike-related), HRF model 
(canonical HRF, or a set of cosine or Gaussian basis func- 
tions), as well as the statistical threshold reported as signif- 
icant. The standard SPM approach is to fit a canonical HRF 
derived from cognitive studies to the data (45, 46). It is 
simple to implement but inflexible, since it expects the BOLD 
response to follow the form of the canonical HRF, which 
may not be valid for IEDs. Fitting the BOLD response is 
also possible using a set of basis functions such as cosine or 
gamma functions. This approach is more flexible, and can 
model many different forms of the HRF. The advantage of 
this approach is that it will detect nonstandard BOLD 
responses, but it is also more likely to detect false positives, 
such as non-BOLD-related variance possibly due to artifacts. 

The basis function approach has been applied to 
epilepsy (29). That study found that the detected HRF had a 
somewhat similar form to the canonical HRF but reached its 
peak at a later time for that subject (10 s compared to 5 s for 
the canonical model). 

Another strategy is to try to directly measure the (average) 
BOLD timecourse following an IED (35, 47). The problem 
with this approach is that a timecourse must be measured 
from a specific region. The choice of this region has been 
based on the position of activations using an initial standard 



SPM analysis, which selects for regions that have a response 
similar in form to the canonical HRF, and is thus preselect- 
ing for similar responses. Despite this limitation, distinct 
differences were seen between subjects in the observed 
BOLD timecourse (Fig. 1 1 .4). 

All these approaches are likely to be statistically valid but 
may detect different aspects of the BOLD response, both 
with regard to spatial distribution and timecourse. 



APPLICATION OF THESE TECHNIQUES TO 
EPILEPSY 

Ictal fMRI 

As we commented above and in Chapter 2, in order to 
understand the epilepsy process it is necessary to determine 
the clinical context of the seizure, a structural focal abnor- 
mality of the brain, and the functional site of origin of ictal 
activity. Often the clinical context is known from the clinical 
history and presenting features. Many tests give access to 
the anatomic area that is abnormal and unchanging with 
time (e.g. PET, MRI, neuropsychological tests, and others). 
To date only the clinical observation of the seizure with 
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video monitoring, the EEG, and ictal SPECT provide spe- 
cific information about the ictal onset. Surface EEG provides 
limited spatial information and, while intracranial EEG may 
more precisely localize the origin of seizures, it is highly 
invasive and is therefore restricted to selected patients. 
Dynamic imaging that aims to detect changes at the time of 
the seizure has been limited by the inability to predict when 
seizures will occur. To date only injecting at the time of a 
seizure followed by SPECT imaging at a subsequent time 
have been routinely used (ictal SPECT). PET, while having 
the capacity to reveal blood flow and metabolic changes, is 
limited in its temporal resolution and has poor spatial resolu- 
tion compared to MRI (see also Chapter 14). 

Early fMRI studies of epilepsy focused on the ictal state, 
since, in the absence of EEG information, this state was 
easiest to identify, typically using prior anatomic informa- 
tion and searching for focal variance changes (2-4, 48). 

We first reported ictal fMRI activity in 1994 (2). The patient 
was a 4-year-old boy with Rasmussen's encephalitis. Single- 
slice fMRI was taken though the area of maximal anatomic 
abnormality, with one slice being taken every 10 seconds for 
10 minutes. The child had recurrent simple partial seizures 
involving the right face. The images were then analyzed by 
subtracting baseline images from those obtained during clin- 
ical seizures. This study demonstrated that seizures were 
associated with a regional increase in BOLD contrast in spe- 
cific gyri in the left hemisphere, and also that the rise in 
BOLD signal commenced at least 60 seconds prior to clin- 
ical seizure onset (Fig. 11.5). This same area occasionally 
showed a similar intensity increase at a time when there was 
no clinical seizure. This suggested to us that the seizure focus 
might display a spectrum of activity, ranging from subclin- 
ical seizure activity associated with minor EEG activations 



(interictal spikes) to full clinical seizures, and that both exhibit 
a similar pattern of fMRI activation. 

Other similar observations have followed that support the 
concept that subclinical epileptiform activity occurs at the 
seizure focus and is detectable by fMRI. 

Detre et al. (3) reported a case study that suggested fMRI 
could localize the epileptiform focus during subclinical 
seizure activity. The subject was a 25-year-old with multiple 
daily simple partial seizures of the right face. Analysis 
was based on subtraction of the mean pixel intensity over 
the 1 1 minutes epoch from each slice. There were marked 
fluctuations in signal intensity from the presumed epilepto- 
genic zone despite there being no clinical seizures. 
Confirmation that this was the epileptogenic zone was later 
provided by placement of intracranial electrodes prior to 
resective surgery. This fMRI study defined the area of final 
electrocorticography-guided surgical resection more pre- 
cisely than did ictal SPECT, PET, and EEG. This study was 
limited by the absence of EEG monitoring during the fMRI 
study, prohibiting correlation between electrical discharges 
and blood flow changes. However, it is interesting to note that 
the rise in blood flow from the epileptogenic zone occurred 
gradually over 30 seconds, suggesting a gradual build up of 
activity over this time. 

To date the most satisfying approach to analyzing fMRI 
data of the ictal state was that presented by Salek-Haddadi 
et al. (32), performed using continuous fMRI/EEG. They 
studied a 47-year-old man with a 2-year history of general- 
ized tonic-clonic seizures, as well as frequent partial 
seizures with inactivity but without auras. The fMRI/EEG 
study investigated a single focal unilateral subclinical seizure 
that occurred during a 35-minute scanning session. They 
detected the onset and duration of the seizure using the EEG 




FIG. 11.5. First demonstrated in-scanner ictal event recorded with fMRI. Standard anatomic images are shown with a superimposed fMRI 
image that was obtained during a focal seizure. The timing of each scan is presented. At 7= 80s, the clinical seizure began, and persisted to 
T= 120 s. (From Jackson 1994 (69), reprinted by permission of the journal Epilepsia.) 
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signal, then fitted a flexible model to the variance in a 
window of 45 seconds duration around the seizure. This 
approach makes no assumption about the response during 
any specific part of the seizure. The study found that the 
seizure response in a cluster of 917 voxels approximately fol- 
lowed a sine wave with a period of 102 seconds. This cluster 
was centered over the left temporal and insular cortices, and 
was concordant with the EEG localization (F7/T3). 



Development of Continuous EEG fMRI for 
Clinical Use 

The development of spike-triggered and latterly continu- 
ous and simultaneous fMRI/EEG has been undertaken 
with considerable focus by the Queen Square group in 
London. They have demonstrated the practicality of this 
technology (22, 36, 41) and have shown that it can localize 
the seizure focus in partial epilepsy (20, 49). In one recent 
case, thalamic activation was seen during partial seizures that 
occurred in the MR imaging system (32). All of this work 
has been at 1 .5 T, where many interictal epileptiform events 
are needed to obtain a successful study. At 3T, successful 
studies can be seen with as few as two spikes in some cases. 
An example of such a subject with only two EEG events, but 
that reached significance (p < 0.05, corrected for multiple 
comparisons) is shown in Figure 1 1 .6. 

In the past few years a number of studies have been 
published attempting to understand the origin of interictal 
spikes associated with different clinical epilepsies. In these 
studies, the fMRI/EEG technology has been used primarily 
as a means of understanding basic phenomena associated 
with the type of epilepsy under study. This is likely to be an 
area where these techniques will have major impact. 




FIG. 11.6. Significant fMRI/EEG activation (red) and deactivation 
(blue) detected in a patient with idiopathic generalized epilepsy in a 
case where only two spike and wave events were detected in the 
EEG during a 30-minute study. The threshold for display is p <0.05, 
corrected for multiple comparisons. Deactivation in the posterior cin- 
gulate region agrees with published data (62), as does activation 
bilaterally in the thalamus (70). 



Benign Epilepsy with Centrotemporal Spikes 

Benign epilepsy with centrotemporal spikes (BECTS, 
rolandic epilepsy) is a common childhood epilepsy disorder 
(50-52). Age of onset is from 3 to 13 years, with an excel- 
lent prognosis for remission in adolescence (53). Seizures 
typically begin with numbness or paresthesias on one side 
of the mouth or cheek, followed by hemifacial twitching, 
difficulty speaking, and at times clonic movements of the 
ipsilateral arm. Some attacks evolve into a secondarily gen- 
eralized convulsion (54). Although seizures are infrequent, 
the interictal EEG reveals frequent high-amplitude epilepti- 
form discharges with a characteristic electrical field, of neg- 
ativity over the central and temporal regions, and positivity 
over frontal regions (55, 56). 

In individuals with BECTS spikes, we have shown spike- 
related BOLD signal increases in the pre- and postcentral 
gyrus (57). In the group of subjects with electroclinically 
typical BECTS, spikes were associated with significant 
BOLD increases in the precentral gyrus and decreases in the 
medial frontal region (Fig. 1 1.7). Activity in this area is con- 
sistent with the facial sensorimotor involvement in BECTS 
seizures. It appears that these regions are involved in spike 
discharges and therefore the pathophysiology of this 
epilepsy disorder. Spike-triggered fMRI is a useful tool for 
exploring mechanisms of spike and seizure generation 
underlying specific epilepsy syndromes. Newer techniques 
such as continuous EEG-fMRI with event related analysis 
may allow exploration of the temporal association between 
the activated and deactivated regions we observe. 



Reading Epilepsy 

Reading epilepsy is an unusual syndrome, in which 
seizures can be precipitated by reading either silently or 
out-loud (58). The syndrome typically has its onset in the 
mid-teens, is nonprogressive and rarely spontaneously 
remits (59, 60). Most subjects describe 'jerks ' or 'clicks' of 
the jaw, commencing shortly after beginning reading and 
building in frequency as reading continues. 

We recorded EEG inside our 3T MRI scanner and 
acquired spike-triggered fMRI in a patient with reading 
epilepsy (61). Spike-related fMRI BOLD activity is seen 
bilaterally in the precentral gyrus, central sulcus, and globus 
pallidus, suggesting that the spikes of reading epilepsy 
involve cortical and subcortical structures. We also per- 
formed a block design fMRI study of reading in two subjects 
with reading epilepsy to demonstrate those brain regions 
recruited by the reading task. Comparison of fMRI activa- 
tions seen during spiking with those during reading showed 
overlap of activation in the posterior extent of the dorsolat- 
eral prefrontal cortex (Fig. 1 1 .8). In this patient with reading 
epilepsy, epileptiform activity may involve local spread of 
cortical activity from brain regions recruited by the working 
memory component of the reading task into the adjacent 
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FIG. 1 1 .7. Results of group analysis showing spike-related signal decreases for four subjects with electroclinical features consistent with typical 
BECTS. Medial frontal deactivation is seen (T = 4.72) although the peak voxel is just under the threshold for significance after correction for 
multiple comparisons (p = 0.055). On the coronal and sagittal views it can be seen that this is in the medial part of the superior frontal gyrus, 
superior to the cingulate sulcus, in the region of the supplementary motor area. 
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FIG. 1 1 .8. Cortical fMRI activity seen with spiking (top row) compared to reading (not spiking - 30 s reading, 30 s rest for four cycles, bottom 
row). T-statistic maps have been overlaid on to T1 -weighted images to allow better anatomic definition. The location of the central sulcus (CS) 
is indicated by the white arrows. The boxed slice shows spike-related activity overlapping with reading related activity in the posterior middle 
frontal gyrus (working memory area) but also extending into the precentral gyrus. Lower slices show the more extensive and bilateral involve- 
ment of the precentral gyrus and central sulcus. Spike related activity is separate from reading related activity in Broca's and Wernicke's areas. 
(With permission from Archer et al. 2003 (71).) 
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areas of motor cortex, and subsequent activity in a cortical 
subcortical circuit. 



Idiopathic Generalized Epilepsy 

Idiopathic generalized epilepsy (IGE) is a common disor- 
der, accounting for 40% of individuals with epilepsy, in 
which epileptiform activity appears synchronously over both 
hemispheres. Generalized spike and slow wave discharges 
(S&W) recorded on scalp EEG are pathognomonic of IGE. 
These discharges show bursts of bilateral, symmetrical spike 
and wave or poly-spike and wave at a rate of 2.5-5 Hz. S&W 
discharges are seen over the whole head but often have a 



bifrontal predominance. Single or brief runs of discharges 
occur interictally, with more prolonged runs associated with 
absence attacks. 

In a recent fMRI study of spontaneous S&W discharges 
in idiopathic generalized epilepsy, some S&W-related fMRI 
activations were seen bilaterally in the precentral gyrus, 
while no significant change in BOLD signal was observed in 
the thalamus (62). In contrast, we found significant deacti- 
vation of the posterior cingulate and the cuneus/precuneus, 
as well as left greater than right angular gyrus (Fig. 11. 9A). 
This was a robust finding, being present in all the indi- 
viduals with more than four spikes and significant on group 
analysis. These regions may have a special role in the elec- 
troclinical phenomenon of S&W and 'absence.' This role 
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FIG. 11.9. Group analysis (conjunction) of five patients with IGE, showing spike-related 'deactivation' (A) and activation (B). On the left, 
results have been overlaid on to averaged, normalized EPI of subject D, and thresholded at p < 0.001 uncorrected. Blue lines represent slice 
plane of the orthogonal images, with f-scores indicated in the color scale. On the right, results are displayed as a 'glass brain' projection. (With 
permission from Archer et al. 2003 (62).) 
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might be causative, with reduced activity in the cingulate 
facilitating the onset of S&W. Alternatively, reduced activity 
in the posterior cingulate may be the consequence of S&W 
activity. Decreased posterior cingulate activity may be a 
marker of altered thalamocortical activity and might be 
important in the pathogenesis of S&W. 

Spike and wave related increases in BOLD signal were 
observed bilaterally in the depths of the precentral sulcus in 
some individuals and on group analysis (Fig. 11. 9B). 
Activations were in a similar posterior frontal location across 
subjects but only partially overlapped. Spike-triggered fMRI, 
by its nature, does not provide information about the time 
course of the changes in BOLD signal observed. Thus the 
changes we observe may precede the S&W or follow it. 
Activity bilaterally in the precentral sulcus might be relevant 
to the frontal predominance of S&W discharges seen in these 
and many other patients with IGE, suggesting a preferential 
activation of these regions. Alternatively, given that some 
authors have suggested that it is a burst of cortical activity 
that initiates S&W epileptiform activity (63), this region may 
be involved in the initiation of S&W in these subjects. 



Focal Epilepsy 

Focal epilepsy includes a variety of disorders, including 
hippocampal sclerosis and malformations of cortical devel- 
opment. The spikes of focal epilepsies are often harder to 
detect in the MR environment, primarily they are detected 



only in one or a few EEG channels, making them harder to 
distinguish from artifact. Despite this difficulty, a number 
of studies have attempted to study focal epilepsy with 
fMRI/EEG. 

One recent study considered the feasibility of imaging 
focal epilepsies using fMRI/EEG (49). They considered a 
series of 10 patients and found that, in six of these patients, 
reproducible BOLD activation was detected that was con- 
current with EEG localization. In a similar study, Lazeyras 
et al. (13) studied 11 patients, and found that seven showed 
fMRI/EEG results that confirmed the clinical diagnosis. In 
six subjects, intracranial electrodes were implanted, and in 
five of these patients, the fMRI focus was confirmed by the 
intracranial recordings. 



Use of Simultaneous fMRI/EEG in Animal Models 

We have applied the technology of simultaneous fMRI/ 
EEG to a penicillin-induced sheep model of epilepsy (64). 
This model allows close monitoring of parameters such as 
the EEG, ECG, breathing, oxygen saturation, temperature, 
and blood pressure. During unilateral electrographic 
seizures, focal BOLD signal changes occurred at the seizure 
focus and ipsilateral amygdala, suggesting the presence of a 
cortico-subcortical loop (Fig. 11.10). This observation illus- 
trates the potential of the model for understanding seizure 
generation, spread, and possibly the consequences of 
repeated seizures on the brain. 
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FIG. 11.10. Animal model of epilepsy studied with fMRI/EEG. The left panel shows amygdala activation (double arrows) due to seizure activity 
induced by cortical injection of penicillin in a sheep (single arrow). The right panel shows simultaneously acquired EEG. In this case the EEG 
tells us when the neural events are occurring, and the MR shows us the spatial location and extent of the neural network. Measuring the neural 
response with this temporal and spatial resolution gives us insights into the subcortical brain response not obtainable in any other way. 
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Novel fMRI Approaches to Epilepsy 
Imaging 

One limitation of the fMRI/EEG analysis philosophy is 
that it uses, as inputs, events detected using EEG, and may 
thus suffer from the bias of EEG, which is most sensitive to 
radial sources that are close to the brain surface and less so 
to tangential sources such as in the sulcal walls, where 
opposing dipoles may cancel out (65). In order to overcome 
this possible limitation, and maintain sensitivity to possible 
deep sources of IEDs, other methods have been suggested to 
detect IED-related BOLD changes. 

One option to avoiding the bias of EEG is to use other 
indicators of epileptiform activity. In a recent study, we 
imaged a patient with myoclonic jerks of the right foot. The 
patient, a 26-year-old woman, showed an abnormal gyrus 
extending anteriorly off the left central sulcus approximately 
2 cm lateral to the interhemispheric fissure. This gyrus had 
thickened gray matter at its depth and blurring of the 
gray-white junction, features suggestive of dysplasia. In this 
subject we were interested in localizing the focus of origin 
of the jerks, so the timing of these jerks were obtained from 
concurrent video monitoring and included in the fMRI 
analysis as events of interest. Activation was seen in the dys- 
plastic cortex, in the foot area of motor cortex, and the left 
supplementary motor area (Fig. 11.11 A). Extracting the 
timecourse of the hemodynamic response for these regions, 
it was observed that the dysplastic cortex and SMA showed 
activation which lead the foot area by around 2 seconds 
(Fig. 11.1 IB). This temporal shift may in future yield in- 
formation regarding the evolution of interictal activity 
into a seizure. 



Temporal Clustering Analysis 

Another approach is to use an exploratory, data-driven 
method to detect focal changes. One possible candidate in 
this regard is temporal clustering analysis. This technique 
has been applied to epilepsy in a recent study (66), and 
involves identifying time points when many voxels are at 
their maximum intensity, presumably because of seizure- 
based changes. No simultaneous EEG was recorded but, by 
looking for a particular subset of the variance, specifically 
changes of between 2% and 10% from the resting BOLD 
intensity level, they were able to detect focal regions in six 
patients with temporal lobe epilepsy. In all subjects, the 
maximum t score was in the hemisphere ipsilateral to sub- 
sequent surgical resection. In four subjects, activation was 
found in the ipsilateral temporal lobe. This approach has 
been shown to be sensitive to seizure-related BOLD changes 
- the only remaining issue is whether it is also sensitive to 
artifactual changes, such as motion. 



Functional Connectivity 

Another candidate method for further exploring fMRI 
data of the interictal state is functional connectivity (67, 68). 
By performing an initial spike-related analysis using spikes 
identified using EEG, one can identify a focal region 
involved in the seizure generation network, and probably 
associated with generation of those spikes detectable by 
scalp electrodes (Fig. 11. 12 A). These regions are presum- 
ably a subset of all regions involved in the epileptogenic 
circuit that is sought after. By using the signal timecourse of 




FIG. 11.11. Event-related fMRI study of myoclonic jerks of the right foot. A. Activation map overlaid on the EPI of the subject. The arrow indi- 
cates the dysplastic 'drumstick'-shaped gyrus at its junction with the central sulcus. The arrowhead indicates the possibly abnormal gyrus in the 
region of the supplementary motor area (SMA). The dashed square indicates activation associated with the foot motor area. B. Fitted response 
and standard errors of the hemodynamic response to foot jerks from the data seen in A. The fitted hemodynamic response peaks earlier in the 
dysplastic cortex and SMA regions than in the foot area. 
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FIG. 11.12. Combined fMRI/EEG and functional connectivity (FC) 
analysis of a patient with IGE. A. Event-related analysis of spikes 
with two morphologies (group 1: 12 spikes, upper panels; group 2: 
2 spikes, lower panels) show different patterns of activation (red) and 
deactivation (blue). B. Connectivity analysis shows greater sensitiv- 
ity, yielding a widespread network that is consistent for the two spike 
groups, indicating that FC is more sensitive to the underlying seizure 
network. 



this region, a wider network is identified including sub- 
cortical regions (Fig. 11.12B). 
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CHAPTER 12 



MR Diffusion and Perfusion Imaging in Epilepsy 



Alan Connelly 



Magnetic resonance imaging has an important role to play 
in the investigation of patients with epilepsy, not only with 
respect to providing exquisite anatomic detail but increas- 
ingly by means of information from images based on physi- 
ologic and functional parameters. This chapter outlines the 
present and potential contributions to the field from MR dif- 
fusion and perfusion images of the brain. It is not intended to 
constitute an exhaustive literature review but rather to give an 
overview of the underlying principles of the methods, to out- 
line some of the technical constraints involved, and to discuss 
potential applications of both the existing methods and 
developments that might reasonably be expected in the near 
future. To this end, the initial section describes some of the 
basic theory of diffusion and perfusion MRI, and includes 
some discussion of methods of analysis and their implica- 
tions. Subsequent sections describe the application of these 
methods to patients with epilepsy, followed by a discussion 
of potential future developments. 



BACKGROUND 

Magnetic Resonance Diffusion Imaging 

Diffusion 

The term 'diffusion' is used to describe the random micro- 
scopic translational motion of molecules (brownian motion), 
in which the overall mean displacement of a population of 
molecules remains zero. This is in contrast to flow, in which 
there is coherent motion in a particular direction. In a large 
population of freely diffusing molecules, such as in a mobile 



liquid, the 'diffusion volume' would be expected to be 
spherical, with the radius of the sphere increasing as the 
square root of the time that diffusion is allowed to evolve. 
(Such behavior might be observed, for example, in a droplet 
of dye in a container of water, where the color would spread 
equally in all directions.) Diffusion behavior in an in vivo 
environment, however, is more complex, since molecules 
are not in such a homogeneous, unhindered environment; the 
movement of molecules observed in practice is therefore 
dependent on the nature of any barriers to diffusion. 



Diffusion-weighted Imaging 

The signal intensity on an MR image can be made 
dependent on the rate of water diffusion in the brain by the 
presence of additional magnetic field gradients (in its most 
common form, this would consist of two identical gradients, 
one either side of a refocusing pulse in a spin-echo sequence). 
Diffusion of water in the presence of these gradients intro- 
duces signal loss in an image. The resulting MR image inten- 
sity would be weighted according to the rate of water 
diffusion, with high-diffusivity regions giving relatively low 
signal intensity, while regions of low diffusivity would give a 
relatively high signal intensity. However, diffusion-weighted 
(DW) images, by being sensitized to the microscopic move- 
ment of water, are highly sensitive to the effects of brain 
motion, such that conventional multi-shot images suffer 
severe degradation when diffusion weighted gradients are 
added. Although there are several potential solutions to this 
problem, single-shot DW echo-planar imaging (EPI) (1) is by 
far the most common method in use at present; concomitant 
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limitations of this solution include image distortions in regions 
of high magnetic susceptibility gradients (e.g. in the region of 
the inferior temporal lobes or the frontal sinuses), and reduced 
spatial resolution (typically of the order of 2 mm). 

The degree of diffusion weighting in an MR image is 
dependent on a combination of the strength of the diffusion 
gradient, the length of time the diffusion gradient is on, and 
the time between the pair of diffusion gradients (2). These 
contributions to diffusion weighting are collectively de- 
scribed by a 'fr-value' ; the higher the value of b, the greater 
the degree of diffusion weighting. The value of b can be 
increased by increasing any or all of the listed contributions. 
However, exactly analogously to Tl -weighted or T2- 
weighted imaging, the image intensity on diffusion- 
weighted imaging (DWI) is dependent on a number of 
factors in addition to diffusion. In DWI, the image intensity 
is weighted not only by water diffusivity but also by proton 
density and the relaxation times, Tl and T2. The contribu- 
tion of diffusion can be isolated by quantification; i.e. by 
calculation of what is usually referred to as the apparent dif- 
fusion coefficient (ADC), the contributions from overall 
water content and from relaxation times can be eliminated, 
leaving only diffusion information. (The term apparent 
diffusion coefficient is used since the measured diffusion in 
vivo is dependent not only on water diffusivity, but also on 
factors such as barrier permeability and diffusion time.) 



Diffusion Tensor Imaging 

Diffusion that is the same in all directions {isotropic 
diffusion) can be described simply by a directionless num- 
ber, namely the diffusion coefficient D (in vivo, this would 
be the ADC), since the direction of measurement of this 
number is unimportant. D can be determined in an isotropic 
system by making two measurements at different b values, 
with the diffusion weighting in any arbitrary direction. 
However, this is not the case for anisotropic diffusion, where 
the water diffusivity is different in different directions; this 
can potentially confound data reproducibility but may also 
provide further important information, as discussed below. 
Diffusion in an anisotropic system cannot be described by a 
simple number, but is characterized by a diffusion tensor 
(again, in vivo this would be an apparent diffusion tensor), 
in the form of the matrix D: 



where the diagonal elements indicate the molecular 
mobility in orthogonal directions, and the off-diagonal ele- 
ments express how diffusion in one direction is correlated 
with that in a perpendicular direction. 



In effect, rather than diffusivity being characterized by a 
sphere (as in the isotropic case), anisotropic diffusion is 
characterized by the size, shape, and orientation of a diffu- 
sion ellipsoid, with three potentially non-equal axes repre- 
senting different diffusivities in three orthogonal directions. 
Characterization of this ellipsoid requires at least six DW 
images to be acquired, each with diffusion weighting in a 
different, independent direction, resulting in a minimum of 
seven measurements in total (six diffusion directions, plus 
one measurement with low diffusion weighting, typically 
b - 0) (3). It is increasingly common, however, to acquire 
many more diffusion directions than this minimum (e.g. 20 
directions + three averages of the b = 0 image), since this 
both increases the signal-to-noise ratio and minimizes 
directional bias in the diffusion measures obtained. 



Biological Applications of Diffusion Tensor Imaging 

In tissues with microstructure that is randomly oriented 
on the scale of an image voxel, water diffusivity appears to 
be the same in all directions; e.g. the extensive dendritic 
arborization in gray matter results in apparent isotropic dif- 
fusion on the macroscopic scale of an MR image. However, 
in tissues with highly organized microstructure, such as in 
white matter, water diffuses more rapidly along the direction 
of the fiber tracts than perpendicular to this direction 
(anisotropic diffusion); in the latter direction, the cell mem- 
branes and myelin layers present greater obstacles to the 
free movement of water than are present parallel to the long 
axis of the axons. Therefore, to obtain a reproducible meas- 
ure of diffusion in the brain, it is not meaningful to calculate 
the ADC in a single direction. The axes of the cells (or their 
diffusion ellipsoids) will be arbitrarily oriented with respect 
to the fixed x, v, and z axes of the magnet, resulting in a 
misleadingly inhomogeneous (and orientation dependent) 
DW signal intensity. Diffusion tensor MRI (DTI) provides 
all the information required to calculate an appropriate 
diffusion ellipsoid for each voxel of an imaging volume (4). 
(Specifically, it provides a measurement of the effective 
diffusion tensor, D, in each voxel of an imaging volume.) 



Orientation-independent Parameters 

In order for any parameter that is used to characterize 
diffusion in vivo to be biologically meaningful, it must be 
indicative of some aspect of cellular status, and not an arti- 
fact of the relative orientation of the brain to the fixed x, y, 
and z axes of the MR scanner's gradient system. This poten- 
tial problem arises due to the inherent anisotropy of diffu- 
sion within the brain, such that a measurement made in a 
single direction on two occasions, for example, would give 
different results if the head orientation were different on 
each occasion, even if there was no change in diffusivity. 
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Fortunately, it is possible to obtain a measure of the orien- 
tationally averaged diffusivity (i.e. one that reflects the aver- 
age of diffusion coefficients measured in all spatial 
directions) that is robust to head orientation, by calculating 
the average of the ADCs measured in three orthogonal direc- 
tions. However, such a measure does contain some direc- 
tional bias, since only three directions have been sampled, 
yet inferences are drawn assuming averaging over all spatial 
directions. Also, it should be noted that it is not possible to 
calculate a robust indicator of the degree of diffusion 
anisotropy from the limited information available from such 
sampling of diffusion in only three directions. 

If enough data are acquired to characterize the diffusion 
tensor D (see above for a discussion of the minimum 
required), it is possible to calculate new quantitative scalar 
parameters that relate to specific features of the diffusion 
process (a scalar quantity being one that has only magni- 
tude, i.e. a simple number). As already indicated, the most 
useful scalar quantities are those designed to be rotationally 
invariant, i.e. independent of the coordinate system in which 
the MR measurement is made and of the orientation of the 
brain with respect to the magnet. The most commonly used 
rotationally invariant scalar measure that characterizes the 
bulk diffusion properties of the tissue, independent of the 
orientation of the fibers, is the Trace of the diffusion tensor 
(Trace(D)) (4), which provides a measure of the orientation- 
ally averaged diffusivity. (The trace of a matrix is the sum of 
the diagonal elements; i.e. TraceiD) - D^ + D yy + D^, note 
that the ADC av described above is generally a good approx- 
imation to Trace(D).) 

The most fundamental rotationally invariant quantities 
are the three principal diffusivities (known as eigenvalues) 
of D, which are the principal diffusion coefficients along the 
three coordinate directions that constitute the local 'fiber 
frame of reference' in each voxel (Fig. 12.1). Each eigen- 
value is associated with a direction (or eigenvector) that is 
intrinsic 1 to the tissue. The three eigenvectors of D are mutu- 
ally perpendicular and define a local fiber frame of reference 
(effectively, the orientation of the diffusion ellipsoid at any 
given location; see Fig. 12.1). In each voxel, the eigenvalues 
(conventionally labeled X x to X 3 ) can be sorted in order of 
decreasing magnitude (^ = highest diffusivity, X 2 = inter- 
mediate diffusivity, and X 3 - lowest diffusivity). In 
anisotropic tissues consisting of ordered parallel bundles, 
the largest eigenvalue, X x , represents the diffusion coeffi- 
cient along the direction parallel to the fiber, while %i and 
A 3 represent the diffusion coefficients in the transverse 
directions (4). 

Widely used rotationally invariant scalar measures that 
are applicable in anisotropic systems include indices of the 
relative anisotropy and fractional anisotropy (FA) (5). These 
provide measures of the degree to which diffusion is differ- 
ent in different directions; in other words, how much the dif- 
fusion ellipsoid's shape deviates from being spherical, 
indicating that the diffusivity in different directions is 




FIG. 12.1. A. An x, y, z coordinate system representing the spatial 
frame of reference of the laboratory (i.e. within the magnet). B. A 
typical diffusion ellipsoid within a voxel; such an ellipsoid can have 
any arbitrary orientation with respect to the reference frame. The 
appropriate coordinate system for this ellipsoid (i.e. x', y', and z') 
can be calculated from the principal directions of the diffusion ten- 
sor; i.e. the eigenvectors of the tensor (see text) are aligned along 
the x',y\ and z' axes. The three principal diffusivities of the diffusion 
tensor (known as eigenvalues; see text) are the principal diffusion 
coefficients along the three coordinate directions that constitute the 
local 'fiber frame of reference' in each voxel. 



unequal, such as is typically found in white matter regions 
with parallel arrangement of fibers. For example, FA is partic- 
ularly high in the corpus callosum, which has a highly ordered 
arrangement of white matter fibers. Figure 12.2 shows ex- 
amples of both Trace(D) and FA maps, together with informa- 
tion corresponding to the direction of highest diffusivity. 



Fiber-tracking 

The eigenvectors of the diffusion tensor provide unique 
directional information that can be usedjto infer interesting 
features of tissue in vivo. In particular, measurements of the 
eigenvector associated with the largest eigenvalue (XO in 
each voxel (i.e. the direction of the longest axis of the diffu- 
sion ellipsoid) can be used to construct maps of white mat- 
ter fiber direction within an imaging volume, on the 
assumption that the largest diffusivity is oriented along the 
direction of the fiber tract (Fig. 12.2). This information has 
been demonstrated to provide the potential for noninvasive 
fiber tractography in the brain, and this is currently a very 
active area of research (see, for example, references 6-10). 
Nevertheless, no present tracking algorithm has yet been 
shown to be sufficiently robust for clinical applications, and 
many technical issues remain to be addressed. 

Also, in addition to the limitations of any particular track- 
ing algorithm, a more fundamental problem is that the diffu- 
sion tensor does not provide sufficient information to 
determine the correct fiber orientation in voxels that contain 
significant partial volume effects, such as crossing or 'kissing' 
fibers, which unfortunately are not uncommon at the spatial 
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FIG. 12.2. Examples of maps that can be generated from the dif- 
fusion tensor. A. A map of the mean diffusivity, generated from 
calculating Trace (D). B. A map of the fractional anisotropy (FA). 
C. A color-coded map of the major eigenvector of the diffusion 
tensor weighted by the corresponding FA map. The major eigen- 
vector is that associated with the largest eigenvalue (X t ), and 
indicates the direction of the highest diffusivity (see text). Red = 
left-right, green = anterior-posterior, and blue = through-plane. 
It can be seen from a combination of all three maps that gray 
matter and white matter have similar average diffusivity values 
but low FA and high FA values respectively. D. An indication of the 
direction of the major eigenvector overlaid on the section of the 
FA map highlighted in B. It is apparent that there is high coher- 
ence of the eigenvectors between voxels in the corpus callosum 
and the internal capsule but less orientational coherence in the 
voxels located in gray-matter regions. 
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resolution that is possible for DTI. A number of other 
approaches have been proposed, such as diffusion spectro- 
scopic imaging (DSI; a technique based on q-space imag- 
ing) (11) and high angular resolution imaging (12), each of 
which requires particular data acquisition conditions to be 
fulfilled. The former in particular suffers from a totally 
impractical imaging time (of the order of 4 hours), while it 
remains unclear in the latter how the ADC profile relates to 
the underlying fiber architecture. Further work is required, 
therefore, before robust inferences can be made concerning 
fiber orientations in regions containing crossing fibers. 



Mechanisms of Diffusion-weighted Imaging Signal 
Changes 

Much of the work to date to investigate the basis for 
signal abnormalities observed in DWI has been carried out 
in the context of cerebral ischemia. Nevertheless, the under- 
lying biophysical mechanisms are likely to be relevant in the 
interpretation of the findings in patients with epilepsy. The 
DWI evidence of an early reduction of ADC in cerebral 
ischemia has been attributed to a shift of extracellular water 
to intracellular compartments as a result of a disruption of 
ion homeostasis (13). This is believed to occur as a result of 
the following chain of events: a decreased blood supply fol- 
lowing an initial insult reduces the amount of oxygen and 
glucose delivered to the tissue, and this is accompanied by a 
decrease in the available adenosine triphosphate (ATP). ATP 
normally provides energy to pump Na+ out of and K+ into 
the cell to maintain ionic homeostasis. When the supply of 
ATP ceases, there is an accumulation of intracellular Na+, 
causing an influx of water into the cell by osmosis, which 
leads to cell swelling (cytotoxic edema) and, in time, 
cell death. Later work (14, 15) supported Moseley's early 
hypothesis, and it is now generally accepted that a drop in 
the tissue water ADC in ischemic tissue is associated with 
the development of cytotoxic edema. 

Despite this demonstrated association between cytotoxic 
edema and ADC, the exact biophysical mechanisms of water 
ADC reduction remain uncertain. Several hypotheses have 
been suggested, including: a reduction in extracellular diffu- 
sion due to an increase in the tortuosity of the extracellular 
space that occurs after cell swelling (16, 17); a reduction in 
cell membrane permeability (18); and a decrease in intracel- 
lular diffusivity (as evidenced by reduction in the diffusivity 
of intracellular metabolites (19) or intracellular 133 Cs (20)), 
either by a decrease in the intracellular circulation or an 
increase in viscosity. It is possible that more than one of 
these mechanisms contributes to the observed reduction in 
ADC, since there is some evidence for each. 

In epilepsy, reduced ADC has been observed in a number 
of different animal models of status epilepticus and has been 
attributed to disruption in ion homeostasis resulting in 
movement of water from the extra- to the intracellular space, 
or to cytoplasmic dysfunction. The epilepsy models have 



important differences from ischemia models, in that the for- 
mer showed no reduction in ATP, and no hypoperfusion, 
while in the latter these appeared to be contributory factors. 
However, a common feature to both models is the presence 
of cell swelling, suggesting that the mechanisms for a reduc- 
tion in diffusion may have similarities in both cases, despite 
the different nature of the cellular insult. The subsequent 
increase above control values in the ADC of tissue water that 
is generally observed in ischemia after around 1 week is 
believed to be associated with cell lysis, the loss of cellular 
barriers, and vasogenic edema. However, any process that 
results in an expansion of extracellular space, such as the 
significant cell loss often associated with epilepsy, would be 
expected also to result in an increased ADC. 



Magnetic Resonance Perfusion Imaging 

The terms perfusion and cerebral blood flow (CBF) are 
often used indistinguishably to refer to the volume of blood 
delivered to the capillary bed of a block of tissue in a given 
period of time, with units therefore of ml/lOOg/min. It is 
important to distinguish between perfusion, which takes place 
at the capillary level (and is visualized on perfusion MRI), 
and bulk flow through major vessels (such as is visualized on 
MR angiography). Perfusion MRI offers some advantages 
when compared to the widely used perfusion techniques of 
single-photon-emission computed tomography (SPECT) or 
positron-emission tomography (PET), not least in terms of the 
absence of ionizing radiation in MRI. In addition, since MRI 
can also provide structural information, a combined struc- 
tural/functional MRI examination becomes possible, at least 
interictally, in the evaluation of patients with epilepsy. 
However, because all currently available MRI perfusion 
methods employ short-lived tracers, imaging of ictal events 
requires the patient to already be in the MRI scanner at the 
time of the seizures. As a result, ictal studies using MR per- 
fusion imaging will be particularly difficult in most cases. 

There are two general MR approaches to the assessment of 
perfusion, which differ with regard to their respective use of 
an exogenous and endogenous MR-visible tracer. The first 
MRI approach, dynamic susceptibility contrast (DSC) MRI, 
or 'bolus tracking,' relies on the injection of a bolus of 
paramagnetic contrast agent. The second approach involves 
magnetic labeling of inflowing water protons in blood using 
MR techniques that are known collectively as arterial spin 
labeling (ASL). The majority of the work published to date on 
perfusion MRI has been related to the investigation of cere- 
bral ischemia, although there is increasing interest within the 
field of epilepsy, with a number of promising applications 
reported in recent years. Across a range of applications, bolus 
tracking has been the most widely used technique for MR per- 
fusion imaging, and is in clinical use in many institutions. 
Although ASL has several advantages compared to bolus 
tracking, a number of drawbacks to the approach have 
resulted in a relatively limited clinical implementation to date. 
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Since the theory underlying both the bolus tracking and 
ASL methods is extensive (see Calamante et al. 1999 (21) for 
a detailed review), only a brief summary of some important 
aspects is given below. 



Bolus Tracking Magnetic Resonance Imaging 

Clinically approved MR contrast agents do not cross the 
intact blood-brain barrier, and therefore can be considered as 
intravascular contrast agents in the absence of breakdown of 
the blood-brain barrier. If a bolus of paramagnetic contrast 
agent (e.g. gadolinium-DTPA) is injected intravenously, its 
passage through the brain produces a transient decrease in 
signal intensity on a series of spin-echo or gradient-echo 
images (22), due respectively to a reduction in the relaxation 
times T2 or T2* induced by the gadolinium. In the capillary 
phase, this signal loss is primarily in the tissue (despite the 
intravascular nature of the contrast agent), since the effects on 
the T2 relaxation rate extend through space, and the capillar- 
ies themselves occupy typically only 3-5% of tissue volume. 

Assuming a linear relationship between the change in 
relaxation rate and the concentration of contrast agent (C(t)), 
the latter can be calculated on a pixel-by-pixel basis. The 
concentration in a region of interest (ROI) in the tissue can 
be related to CBF by the following expression (21): 



C(t) = k CBF (AIF <g> R(t)) 



(1) 



where k is a proportionality constant, AIF is the arterial 
input function (i.e. the concentration of tracer entering the 
ROI at time t), and R{t) is the residue function, which 
describes the fraction of contrast agent remaining in the 
ROI at time t, following the injection of an ideal, infinitely 
narrow, bolus at time zero. The symbol ® indicates the math- 
ematical operation known as a convolution; the convolution 
of the AIF with the residue function accounts for the fact 
that, for the nonideal bolus used in practice, part of the 
spread in the concentration-time curve is due to the finite 
length of the actual bolus as it arrives in the brain. If unac- 
counted for, this dispersion would be interpreted by the 
model as occurring within the ROI itself, leading to a con- 
siderable underestimation of CBF. 

Although it is not appropriate here to go into detail about 
the assumptions and implications of Equation (1), it is import- 
ant to note that the concentration of contrast agent (and there- 
fore the signal intensity time curve) depends not only on CBF 
but also on the AIF and the residue function. Therefore, the 
actual concentration-time curve measured for any given ROI 
can be influenced not only by the perfusion of the ROI but 
also by the injection conditions and the vascular structure. 

Deconvolution Analysis 

There are two commonly used approaches to the analysis 
and quantification of bolus tracking data. The first of these 



requires measurement of the AIF in order to solve Equation 
(1) using a technique known as deconvolution (21, 23). This 
method is time-consuming and computationally intensive 
but can provide direct physiologic information about CBF, 
cerebral blood volume (CBV), and mean transit time (MTT; 
the average time for the tracer to pass through the vascula- 
ture after the injection of an ideal bolus). 

There are two main concerns with this approach. First, it 
is generally believed to produce only relative measurements 
of perfusion (24, 25), primarily because of uncertainty with 
respect to the two proportionality constants involved. The 
first of these constants relates the measured signal intensity 
changes to the concentration of contrast agent (assuming a 
linear relationship), while the second constant (k in Equation 
(1)) reflects the influence of brain density and hematocrit 
concentration on the relationship between the concentra- 
tion-time curve and CBF. Neither of these constants can be 
determined easily in vivo, and fixed values are normally 
assumed throughout the brain. However, the validity of such 
assumed conversion factors under varied physiologic condi- 
tions remains to be determined. 

Some studies have attempted to obtain absolute measure- 
ments by reference to other techniques such as PET (see, for 
example, Ostergaard et al. 1998 (26)) and, although the val- 
ues in healthy volunteers are consistent with expected CBF, 
again a full validation under various physiologic conditions 
is still required. Until then, absolute values of perfusion 
should be interpreted with caution. 

The second concern with the deconvolution approach is 
related to the measurement of the AIF. This is generally esti- 
mated from the concentration-time curve from pixels within 
a major artery (e.g. the middle cerebral artery). Therefore, 
the measured bolus can be further delayed and dispersed on 
its transit from that artery to the ROI. This is sometimes 
observed in cases of abnormal vasculature, such as in occlu- 
sion, stenosis, or in the presence of collateral flow. This 
extra delay and dispersion is interpreted by the model as 
occurring within the ROI, which leads to an underestimation 
of CBF, overestimation of MTT, and possible underestima- 
tion of CBV (27). Therefore, although this problem is less 
severe in the context of epilepsy than in that of stroke, spe- 
cial care still must be taken when interpreting perfusion data 
in the presence of delays and dispersion. 



Summary Parameters 

The second approach to the analysis of bolus tracking 
data is to use so-called 'summary parameters' calculated 
directly from the profile of the concentration-time curve as 
indirect perfusion measures. There are several different 
parameters, such as bolus arrival time (BAT), time to peak 
(TTP; i.e. time until the maximum of C(t)), maximum peak 
concentration (MPC; i.e. maximum value of C{t)), full width 
at half maximum (FWHM) of the curve, area under the 
peak, etc. The use of this approach is common since the 
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analysis of data is fast and straightforward and does not 
require measurement of the AIR 

It has become common to use particular summary para- 
meters as approximations to specific physiological measures; 
for example, MPC as 'CBF,' FWHM as 'MTT,' the first 
moment of C(t) as 'MTT' (a better approximation than 
FWHM), and CBV divided by 'MTT' as 'CBF index' (or 
CBF;). However, it is important to note that these are only 
approximations, and in some circumstances not good 
approximations, to the desired parameters. Except for the 
area under the peak (which is proportional to CBV), all other 
summary parameters can provide only indirect physiological 
measures, since they can be affected by changes in any of 
CBF, CBV, and MTT (28). Furthermore, as mentioned above, 
they also can be influenced by injection conditions (volume 
injected, injection rate, cannula size, etc.) and the vascular 
structure, as well as by the cardiac output of the patient. 

As a result, changes in the summary parameters could 
represent not only changes in perfusion but also changes in 
any of these conditions. Therefore, although they can be 
effective in the identification of abnormal regions (e.g. a 
region with prolonged TTP will represent a region that is 
'hemodynamically abnormal'), the interpretation of such 
abnormality in terms of cerebral perfusion is not straight 
forward (28, 29) In particular, differences in AIF between 
patients, or between studies in an individual patient, can pro- 
duce variability in the summary parameters larger than that 
due to the abnormality under investigation (29). Therefore, 
if they are used for setting thresholds, for comparison 
between patients, or in follow-up studies, misleading results 
can be obtained that should be interpreted with caution. 

It should be noted that, since the transit time of the bolus 
through the tissue is only a few seconds, a fast imaging tech- 
nique is required to properly characterize the peak. The most 
commonly used technique is EPI, which allows several 
slices to be acquired with a time resolution of 1-2 seconds. 
However, EPI suffers from several drawbacks, such as low 
resolution and image distortions. Therefore, image quality is 
commonly sacrificed to achieve the necessary time resolu- 
tion for the analysis of bolus tracking data. 



Arterial Spin Labeling 

Arterial spin labeling (ASL) is a totally noninvasive MR 
method that uses water protons as a freely diffusible tracer 
and has the potential for measuring perfusion quantitatively. 
An MR image can be sensitized to the effect of inflowing 
blood if the blood is in a different magnetic state from that 
of the static tissue. ASL techniques use this principle by 
magnetically labeling blood flowing into the slices of interest 
(30, 31). The inflowing blood water exchanges with tissue 
water, causing a change in the local tissue magnetization 
that is directly related to perfusion. A perfusion-weighted 
image can be generated by the subtraction of an image in 
which inflowing spins have been labeled from an image in 



which spin labeling has not been performed. Absolute quan- 
tification of perfusion can be obtained if other parameters 
(such as tissue T b the T[ of blood, the blood-brain partition 
coefficient (k) of water, the efficiency of spin labeling (a), 
and the transit time from the labeling site to the tissue) are 
also measured (see Calamante et al. 1999 (21) for a review). 

It should be noted that some of these values, in particular 
T^blood), X, and a, are difficult to measure, with the result 
that standard values are often assumed. However, it has been 
shown that there is the potential for considerable variability 
in these parameters, and the assumption of generic values 
constitutes a potential source of error in CBF determination. 

Under the general heading of ASL, two distinct sub- 
groups exist: continuous ASL (CASL) and pulsed ASL 
(PASL). In the first subgroup, CASL, the arterial spins can 
be magnetically labeled either by continuous inversion using 
a long off-resonance radiofrequency pulse (31) or by 
repeated slice selective saturation pulses (30) (saturation 
produces a smaller signal change but deposits significantly 
less radiofrequency power). The labeling is realized by the 
application of the labeling pulse to a plane through the blood 
vessels in the neck, which have the required flow direction 
(perpendicular to the labeling plane) and velocity for CASL. 
A steady state develops where the regional magnetization in 
the brain is directly related to CBF (21) and the acquisition 
of a control image in which the blood is not labeled allows 
the formation of a perfusion-weighted image by subtraction. 

One consequence of the labeling method in CASL is that 
there is a high radiofrequency power deposition. This may 
limit the utility of this approach in some patients and might 
present a particular problem in pediatric studies (because of 
low body weight) or in patients with compromised blood flow. 

In the other ASL subgroup, PASL, the arterial labeling is 
achieved by using a short (typically =10 ms) radiofrequency 
pulse (32-34), and CBF can be obtained from the time- 
dependent signal change created by the exchange of the 
labeled blood and brain tissue water. As an example, Figure 
12.3 shows a schematic representation of a particular PASL 
method, flow-sensitive alternating inversion recovery 
(FAIR) (33, 34); a perfusion-weighted image is generated 
from the difference between label and control images. A 
detailed description of the different ASL techniques and the 
mathematical models used for quantification is not appropriate 
to this text and the reader is referred to recent reviews (21 , 35), 
for a more extensive description than that given here. 

Two of the main limitations of ASL (which have contri- 
buted to its slow incorporation in the clinical setting relative 
to bolus tracking) are low signal-to-noise and possible long 
(and unknown) transit times from the labeling site to the 
tissue, and these are discussed briefly below: 



Low Signal-to-Noise 



The signal-to-noise ratio of subtraction images is inher- 
ently poor since measured signal intensity changes due to 
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Label image Control image 

FIG. 12.3. Schematic diagram illustrating the image pairs acquired using the FAIR PASL technique (see text). The dotted red lines indicate the 
position of the axial slice from which a perfusion image will be obtained, and regions of inverted magnetization are indicated by the blue 
diagonal lines. An image is acquired at time Tl after the inversion pulse in each case, and the difference between label and control images results 
in a perfusion-weighted image. 



perfusion are small (the relative signal difference in the 
perfusion-weighted image is only of the order of 1% at 
1.5 Tesla), and many averages (typically 40-60) are required 
to generate high quality images, leading to long scan times. 
Since a T] map is also required for perfusion quantification, 
the typical ASL scan time is 5-10 time longer than for bolus 
tracking MRI. 

Long Transit Times 

The transit time (8) from the labeling site to the tissue 
can be very long, particularly in the presence of hemodynamic 
abnormalities, and the magnetic labeling of the blood is 
diminished, reducing even further the sensitivity of the tech- 
nique. Also, transit times within an imaging slice have been 
demonstrated to be heterogeneous, resulting in a potential 
source of error in CBF calculation. 

It is perhaps more obvious why transit time might be a 
problem in CASL, in that the labeling plane is some distance 
away from the slices in which perfusion is measured. 
However, because of slice profile imperfections, transit time 
is also commonly problematic in PASL. For example, 
the most commonly used PASL method is FAIR (33, 34) 
(see Fig. 1 2.3). Interactions between inversion and excitation 
slice profiles mean that the inversion (labeling) slice in FAIR- 
type sequences is commonly =3 times the width of the imag- 
ing slice (ideal = 1 : 1 ) to avoid subtraction errors between the 
two images. Thus the flow of labeled blood into the image 
slice is delayed, resulting in the problems described above. 

The measurement of 8 is not straightforward, requiring 
characterization of the bi-exponential relationship between 
the ASL signal and inversion time (TI), which is too time- 
consuming for practical clinical use. Furthermore, fitting 
for 8 on a pixel-by-pixel basis is very unstable because of 
signal-to-noise ratio issues. 



An alternative approach is to minimize the effect of 8. 
Wong et al (36). have described a modification (QUIPPS) 
that can be applied to PASL sequences, which renders them 
relatively insensitive to transit time, but the required 
sequence parameters can become impractical if 8 is very 
long. In the case of CASL, Alsop and Detre 37 have also intro- 
duced a sequence modification, consisting of the insertion of 
a postlabeling delay prior to image acquisition. If this delay 
is longer than the longest transit time, and the quantification 
equations are modified accordingly, then the resulting perfu- 
sion maps are insensitive to variations in transit time. 

The inherently low signal-to-noise ratio of ASL, com- 
bined with extended transit times, results in particularly 
poor perfusion sensitivity in pathologic low-flow states. 
Therefore, although ASL techniques are in theory able to 
calculate CBF in absolute units, clinical applications to date 
have been limited. 



APPLICATIONS OF MAGNETIC RESONANCE 
DIFFUSION AND PERFUSION IN EPILEPSY 

As stated in the introduction to this chapter, the aim of 
this section is not to present a comprehensive review of the 
literature but rather to describe and discuss examples of 
work that is believed to demonstrate the role of diffusion 
imaging in the study of patients with epilepsy. A similar 
approach will be taken in the following section with respect 
to the role of MR perfusion in epilepsy. 

Diffusion Imaging in Epilepsy 

Diffusion imaging has been applied both to the specific 
examination of the hippocampus in patients with temporal 
lobe epilepsy (TLE), and to the investigation of the brain as 
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a whole in non-TLE patients. Examples of reports that a 
illustrative of each are discussed below. 



Ictal Diffusion Imaging 

As mentioned above, a number of animal models, in 
which seizures were induced by a range of methods with 
different underlying mechanisms, have established that 
seizure activity can produce a short-term reduction in diffu- 
sivity in the vicinity of the seizure origin. Methods of 
seizure induction have included the administration of bicu- 
culline (a GABA A antagonist) (38), kainic acid (a glutamin- 
ergic agent) (39), or cortical electroshocks (40). 

The reduction in diffusion following seizures is very 
short-lived, with the result that few ictal studies have been 
carried out in patients. Those that have been performed, 
however, indicate that the detected ADC reduction may pro- 
vide information related to seizure localization. For ex- 
ample, in a case report of a patient with nonconvulsive status 
epilepticus, Flacke et al (41). showed that there was an 18% 
reduction in ADC in the left temporoparietal region that was 
confined to a focal section of the cortical ribbon. The ADC 
in this region was normal on follow-up imaging 1 month 
later, at a time when the patient had recovered and had a 
normal EEG. Calistri et al (42). showed similar findings in 
a patient with epilepsia partialis continua. In this patient, a 
35% ADC reduction was observed in the right frontoparietal 
region (ipsilateral to the seizures), and in the contralateral 
cerebellum. Both of these regions also showed hypoperfu- 
sion in similar locations, and both had normal ADC and 
perfusion in follow-up studies over 2-15 days. 

It seems likely that what was observed in these studies is 
evidence of reversible cytotoxic edema associated with focal 
seizure activity, analogous to that observed in the animal 
models. The focal nature of the observed changes in con- 
junction with their transient nature suggest that they may be 
associated with epileptogenic tissue (and in the latter case, 
additional areas remote from but functionally connected to 
the epileptogenic cortex), and may therefore provide import- 
ant localizing information regarding recent seizure activity. 



Interictal Diffusion Imaging 

Hippocampal 

Perhaps reflecting the logistical difficulties in performing 
the above work, the majority of studies that have used DTI 
to investigate patients with epilepsy have been carried out 
interictally. In a study of eight patients with mesial temporal 
lobe epilepsy and five control subjects, Hugg et al (43). 
reported increased ADC av in hippocampi ipsilateral to the 
seizure focus compared both to contralateral and to control 
hippocampi (Fig. 12.4). Quantitative hippocampal T2 relax- 
ation and volumetric measurements were also performed on 
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FIG. 12.4. Apparent diffusion coefficient values from the hippocam- 
pal epileptic focus and contralateral hippocampus. Normal control 
values are also shown as mean from right and left hippocampus. 
(Courtesy of R. Kuzniecky, M.D. and J. Hugg, Ph.D.) 

these patients, and the ADC av findings were reported to be 
correlated with these measures (although data were not pre- 
sented). An anisotropy index (Al) was also calculated, but 
was not found to be different between groups. It should be 
noted, however, that the diffusion data in this study were 
acquired in only three diffusion-sensitized directions, and as 
a result the Al calculated is not a robust parameter since it is 
head-orientation-dependent (see section on diffusion tensor 
imaging, above). 

In a further study of hippocampal diffusion measures in 
14 patients with partial seizures, Wieshmann et al (44). 
showed significantly elevated ADC av values in sclerotic hip- 
pocampi compared to nonsclerotic hippocampi in patients or 
controls. Hippocampal sclerosis (HS) was determined by the 
MR criteria of elevated T2 relaxation time and small hip- 
pocampal volume. Quantitative measures of each of these 
were obtained in both patients and controls, and good corre- 
lations were found between ADC and both T2 and hip- 
pocampal volume. It is interesting to note that there were 
two outliers in the ADC values from the non-HS patient hip- 
pocampi, which were not different from the ADC values 
found in HS; these two hippocampi had significantly elevated 
T2 relaxation times, but could not be classified as HS since 
the volumes were normal. 

As in the study described above, the Al values calculated 
in this study were also based on data from only three direc- 
tions and are therefore orientation-dependent. As a result, a 
very high variance was found in the Al measures (in control 
subjects, 46% vs 4% for ADC av ). Although a reduction in Al 
was observed in the group data when comparing HS with 
non-HS, only a very weak correlation was observed between 
Al and T2 or volume measures. 

Both the above studies show similar principal findings, 
namely that there is a significant increase in ADC av in HS, 
indicating an increase in water mobility in such hippocampi. 
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One possible explanation for this observation is an increase 
in membrane permeability as a result of cellular insult. 
However, such changes have been demonstrated only in 
more severe and acute circumstances than those present 
in HS, and it seems more likely that the observed changes in 
ADC av result from an increase in extracellular space due to 
neuronal loss in affected hippocampi. 

The study by Hugg et al (43). found no relationship 
between AI and hippocampal abnormality, whereas 
Wieshmann et al (44). reported a significant difference 
between HS and non-HS AI results, although in the absence 
of a meaningful correlation with T2 or volume data. It is 
worth noting in this context that anisotropy measures would 
be expected to be an insensitive indicator of abnormalities of 
hippocampal diffusivity, since, in such a gray matter struc- 
ture, diffusion would be almost isotropic in normal hip- 
pocampi, making detection of a decrease in AI very difficult. 
With this in mind, it is perhaps not surprising that no signif- 
icant changes were observed in the study by Hugg et al (43)., 
since in addition the patient numbers were small and the AI 
measure used was orientation-dependent. A similar explana- 
tion could be used with respect to the lack of correlation 
between the AI and T2 or volume findings in the study by 
Wieshmann et al. (44). However, the latter did report a sig- 
nificant decrease in AI in HS, despite also using an orienta- 
tion-dependent measure of anisotropy. 

These data suggest a decrease in the degree of orienta- 
tional organization of the cells in HS with respect to a nor- 
mal hippocampus, which may result simply from the same 
increase in extracellular space that underlies the observed 
increase in ADC av . However, the suggestion by the authors 
that this may be related to the reduction in dendritic branch- 
ing that is known to be associated with epileptogenesis 
raises an interesting question. It has been shown that, in 
embryonic or early postnatal mouse brain, the cortical gray 
matter has a relatively high diffusion anisotropy, which 
diminishes over time to the near-zero adult value (45). These 
findings suggest the existence of ordered, oriented 
microstructure in the gray matter of the developing brain, 
which becomes less ordered with time. This has been 
explained by a largely parallel orientation of migrating neu- 
ronal cells initially, with the subsequent proliferation of den- 
dritic branching rendering diffusion pseudoisotropic on the 
MR spatial scale. Therefore, in the context of HS, loss of 
dendritic branching and increase in extracellular space may 
in fact have conflicting effects on the measured AI. 

Thus it appears, both from first principles and from 
empirical data, that ADV av is the diffusion measure that 
would be expected to provide greatest sensitivity in detect- 
ing hippocampal abnormality in HS. 



Extrahippocampal 



In addition to the above investigations directed specifically 
to the hippocampus, a number of studies have examined the 



relationship between DTI and epileptogenic structural 
abnormalities on an ROI basis. For example, in a study of 
18 patients with structural lesions, including infarcts, 
injuries, malformations of cortical development (MCDs), 
and tumors, anisotropy was reported to be reduced in all 
lesions and ADC av to be increased in approximately 70% 
(46). This suggests a loss of directional organization in 
many lesions, irrespective of etiology. 

However, in many circumstances, there are significant 
limitations to using only an ROI approach in the investigation 
of DTI abnormalities. This is of particular relevance when 
investigating patients with localization-related epilepsy in 
conjunction with normal conventional MRI (MRI-negative 
patients), since in many cases no prior investigation site can 
be identified. The identification of focal abnormalities in 
such patients may be of particular importance because sur- 
gical treatment without an abnormality on preoperative 
imaging is often associated with a poor outcome. Also, even 
in patients who have identifiable lesions on conventional 
structural imaging, other methodologies have demonstrated 
previously that there may be more extensive abnormalities 
that do not have a macroscopic structural correlate, which 
could have an influence on surgical decision making. 

The alternative approach of voxel-by- voxel image analysis 
is not only more objective, it also enables the evaluation of 
the whole brain rather than just specific regions. It has been 
demonstrated that DTI analyzed on a voxel-by-voxel basis 
can identify areas of abnormality in both mean diffusivity 
and FA. In particular, two large studies from the same group, 
using identical protocols, reported the findings in 22 patients 
with MCD (47) and in 10 patients with acquired epilepto- 
genic lesions, together with 30 MRI-negative patients (48). 
Both studies included the same 30 healthy control subjects. 

Diffusion weighting was applied in each of seven inde- 
pendent directions, enabling the calculation of rotationally 
invariant maps of both mean diffusivity and FA for each sub- 
ject, with data acquired from 26 slices. Normalization to a 
template and statistical analysis of the maps were performed 
using the program SPM (SPM96; Wellcome Department of 
Imaging Neuroscience, London, UK). The maps from each 
subject were statistically compared on a voxel-by- voxel basis 
to 30 control subjects and significant increases or decreases 
were detected at an individual voxel level. Since such ana- 
lyses give only the location and statistical significance of 
any differences, additional ROI analysis was performed in 
selected regions of abnormality to determine the magnitude 
of the changes underlying the detected differences. 

Areas of reduced anisotropy were found in 17/22 patients 
with MCDs, in 15 of whom the changes corresponded to all 
or part of the MCD (47). None of the four patients with band 
heterotopia had FA changes in the region of the MCD itself. 
In six patients, reduced FA was detected in regions outside 
the MCD that appeared normal on conventional MRI. In two 
of the 22 patients, an increase in FA was detected in white 
matter adjacent to MCD. In 10 patients, an increase in the 
mean diffusivity was observed, in eight of whom the 
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changes included the MCD, but in nine there were mean dif- 
fusivity changes that included normal appearing gray and 
white matter. In seven patients, the regions of increased 
mean diffusivity were more extensive than those observed 
on the FA maps. 

These findings are interesting for a number of reasons. 
The FA maps were more sensitive in detecting the MCD, 
presumably because the difference between gray matter and 
white matter is relatively large in FA maps and almost neg- 
ligible on mean diffusivity maps. The reduction in FA 
detected in the MCDs is presumably due in large part to the 
comparison of abnormally located gray matter to regions 
that are white matter in controls. However, it is potentially 
of greater interest that abnormalities were detected beyond 
the regions of visible MCD in many cases. These findings 
suggest that either the MCD is more extensive than is 
detectable on conventional imaging or the normal appearing 
white matter is in fact abnormal, with perhaps reduced cell 
density. The latter suggestion would be corroborated by the 
observation in some cases of more extensive increases in 
mean diffusivity, possibly indicating increased extracellular 
space due to failure of neurogenesis or subsequent cell loss. 

The increased FA detected in two patients could be due 
to the presence of white matter that has been displaced by 
the MCD being compared to gray matter in the normal con- 
trol subjects, or to white matter fibers that are more densely 
packed. From the results obtained from ROI analysis of the 
increased FA region in the normal-appearing occipital lobe 
in one of the patients, it appears that the latter explanation is 
the more likely in this case - the measured FA is very high 
for this region, giving a value more typical of structures such 
as the corpus callosum and therefore suggestive of unusually 
highly ordered occipital white matter. 

Rugg-Gunn et al (48). demonstrated that DTI analyzed 
using SPM is sensitive in patients with acquired cerebral 
damage (five head injury, three infarction, one focal leukoen- 
cephalitis, one perinatal injury), identifying significant 
increases in mean diffusivity and significant reductions of 



anisotropy in all patients (41). In three of these 10 patients, FA 
was decreased in additional normal appearing regions while, 
in three further patients, mean diffusivity was increased in 
areas that were also normal on conventional MRI. 

Individual analyses of the 30 patients with partial 
seizures and normal conventional MRI identified areas of 
significantly abnormal diffusion in nine patients. In only 
two of these nine was the abnormality found to be in FA, and 
in one of these there was good agreement with electroclini- 
cal seizure onset. Eight of the nine patients with abnormal 
diffusion showed increased mean diffusivity, with six of 
these in locations consistent with electroclinical seizure 
localization (Fig. 12.5 shows example images from one of 
the latter patients). Group analysis of nine MRI-negative 
patients with electroclinical seizure onset localizing to the 
left temporal region revealed a significant increase of diffu- 
sivity and a significant reduction in anisotropy within the 
white matter of the left temporal lobe (Fig. 12.6). A similar 
analysis in six patients with right temporal lobe seizures 
showed no significant diffusion abnormality (although there 
was a trend to indicate reduced FA). 

The findings in patients with acquired lesions in the 
above study indicate that the mean diffusivity and FA are 
equally sensitive to the detection of such lesions, in contrast 
to the reported findings in MCD, where FA was significantly 
more sensitive in detecting abnormality in the MCD itself. 
This perhaps emphasizes the likelihood that the detection of 
MCD using a voxel-by- voxel comparison of normalized FA 
maps (by SPM, in this case) is strongly influenced by the 
comparison of heterotopic gray matter (low FA) with white 
matter (high FA) in the equivalent location in controls. 

With respect to the acquired lesion findings more gener- 
ally, it is perhaps of less significance that abnormalities of 
diffusion were detected in all acquired lesions (since these 
were already clearly discernible on conventional MR imag- 
ing) than that a significant number of abnormalities were 
detected in otherwise normal appearing regions. These were 
observed both as additional abnormalities in the patients 
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FIG. 12.5. Images from a patient with right frontal lobe epilepsy who had normal conventional MRI. Normalized axial average diffusivity maps 
at the same slice position for the averaged 30 control subjects (A), and the patient (B). (C) The region of significantly increased diffusivity is 
superimposed on the map shown in (B). (D) An equivalent slice from the patient's T1 -weighted images, for anatomic reference. Note that right 
on the image is the patient's right. (From Rugg-Gunn FJ, Eriksson SH, Symms MR, era/. Diffusion tensor imaging of cryptogenic and acquired 
partial epilepsies. Brain 2001;124:627-636, by permission of Oxford University Press; figure courtesy of Dr F. Rugg-Gunn, National Society for 
Epilepsy and Epilepsy Research Group, Chalfont St Peter, UK.) 



326 / Chapter 12 




Mftl 



D E F 



FIG. 12.6. Averaged images from a group of nine patients with left temporal lobe epilepsy and normal conventional MRI. (A) and (B); normalized 
axial anisotropy maps at the same slice position for the averaged 30 control subjects (A) and for the 9 TLE patients (B). (D) and (E); normalized 
axial average diffusivity maps at the same slice position for the averaged 30 control subjects (D) and for the nine TLE patients (E). The regions of 
decreased anisotropy and increased diffusivity (c and d respectively) are superimposed on normalized T1 -weighted SPM templates at the same 
slice position. These regions are localized to the left temporal lobe. Note that right on the image is the patient's right. (From Rugg-Gunn FJ, Eriksson 
SH, Symms MR, era/. Diffusion tensor imaging of cryptogenic and acquired partial epilepsies. Brain 2001;124:627-636, by permission of Oxford 
University Press; figure courtesy of Dr F. Rugg-Gunn, National Society for Epilepsy and Epilepsy Research Group, Chalfont St Peter, UK.) 



with visible lesions, and in nine of the 30 patients with no 
detectable structural abnormality. In the latter, the mean 
diffusivity measures showed significantly greater sensitivity 
to the detection of diffusion abnormality than was observed 
using FA data. 

These significant differences in the diffusion indices in 
individual MRI-negative patients suggest that minor struc- 
tural disorganization may exist in occult epileptogenic cere- 
bral lesions. This could be due to a number of factors, 
including for example undetected neuronal dysgenesis, or 
atrophy, gliosis, and expansion of the extracellular space as 
a result of chronic seizures. The group effect observed in 
patients with left temporal lobe epilepsy indicates that there 
may be similar subtle abnormalities throughout the temporal 
lobe in such patients that are below the sensitivity of 
detection in individual patients. This may explain the failure 
to observe significant changes in the patients with right 
temporal lobe epilepsy, since there were fewer of these 
patients than left-affected patients. 

It is of obvious importance in investigating patients with 
partial epilepsy that the identification of focal abnormality 
can be done on an individual basis. However, such group 
data can be viewed as establishing that abnormalities of 
diffusion do exist in normal appearing regions. It may be 
hoped, therefore, that, with improvements in DTI and ana- 
lysis methods, further occult epileptogenic regions may be 
identified in individual patients, potentially leading to more 



invasive diagnostic procedures and possible epilepsy surgery 
in otherwise nonlesional patients. 



Discussion: Diffusion in Epilepsy 

The applicability of diffusion imaging to the investiga- 
tion of patients with epilepsy will be dependent on a number 
of factors. The MR pulse sequences and hardware capable 
of performing these are becoming more widely available, 
such that on state-of-the-art scanners, DTI data acquisition 
will soon become relatively routine. The generation of rota- 
tionally invariant parameter maps should in principle also 
become straightforward. 

However, what might remain more difficult is the analysis 
required to identify abnormalities that have no detectable 
structural correlate. Such investigations will not usually be 
possible by means of user-defined ROIs but are likely to 
require some form of statistical analysis on a voxel-by-voxel 
basis, such as the SPM-based studies described above. This 
will inherently require comparison with normative data, and 
will therefore necessitate some form of spatial normalization 
prior to analysis. Although there is no reason in principle why 
the spatial normalization step cannot be incorporated into 
the manufacturer-based software of many MR systems, it is 
likely that the control data will be locally generated and may 
therefore entail significant offline processing. While these 
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restrictions may have only a small influence on practice within 
centers with research personnel who have the appropriate 
image-processing skills, they may pose at least a short-term 
constraint on these techniques becoming widespread. 

The properties of water diffusion in tissues, as measured 
by DTI, are affected by tissue constituents such as macro- 
molecules, membranes, and organelles, as well as by tissue 
microstructure and organization. A DTI study therefore 
potentially provides information that cannot be obtained 
using conventional, tissue-compositional-based or relaxom- 
etry-based MRI methods. 

However, when considering the role of DTI in epilepsy, 
it is of interest to consider the nature of the information that 
results. In many cases, the abnormalities detected are related 
to changes in either the average diffusivity or the anisotropy 
of diffusion in white matter regions. Since epilepsy is essen- 
tially a disease of gray matter, or rather the seizures them- 
selves will originate in gray matter regions, it remains to be 
seen what contribution will be made to patient diagnosis and 
treatment from the detection of exclusively white matter 
abnormalities. It is of course arguable that such abnormali- 
ties may be related to adjacent and as yet undetected gray 
matter abnormalities, and that what is required is improve- 
ment in the sensitivity of detection of the latter. This is sim- 
ilar to the argument presented above that group studies 
showing otherwise undetected abnormality can establish, in 
principle, that there are pathologic alterations in diffusion 
that merit further efforts to visualize in individuals. 

A potential barrier to achieving further understanding of 
the role of DTI in epilepsy investigations is the somewhat cir- 
cular difficulty in determining the clinical significance of the 
findings. It would not be ethical at present to perform surgery 
on any patient in whom the sole evidence of a focal lesion is 
a diffusion abnormality, even if this were consistent with elec- 
troclinical seizure localization. As a result, it is difficult to 
envisage rapid progress taking place in determining how 
important such lesions may be. Epilepsy surgery may well 
take place in those patients who have focal hippocampal 
abnormalities or focal acquired lesions, but these patients will 
in general have other evidence as to lesion type and location. 
The additional information from DTI would not contribute 
significantly to the decision to operate, nor would our under- 
standing of the usefulness of DTI information be enhanced. It 
is highly unlikely that either the MCD patients or the MRI- 
negative patients will proceed to surgery, since the former are 
recognized generally to have poor outcome, while there will 
be insufficient evidence of a focal lesion in the latter. Given 
that it is in the latter group that the DTI findings are poten- 
tially most useful, it may be a considerable time before 
enough corroborating information is available to enable full 
advantage to be taken of this additional information. 

Perfusion Magnetic Resonance Imaging in Epilepsy 

As discussed earlier, MR perfusion imaging has some 
important advantages when compared to alternative methods 



such as SPECT and PET. However, a major limitation 
with respect to the study of epilepsy is that ictal imaging is 
usually highly impractical. To undertake any form of MR 
perfusion imaging, it is necessary first that the subject is 
lying within the magnet when the contrast agent is injected 
or the magnetic labeling is applied, and second that no sub- 
ject movement occurs during data collection, which takes 
place typically over a period of minutes. The first condition 
requires that the patient has sufficiently frequent seizures 
that they can be expected to occur during the MR examina- 
tion, while the second condition excludes patients in whom 
seizures are associated with movement. 

Ictal Perfusion Magnetic Resonance Imaging 

Despite these practical difficulties, a few such ictal stud- 
ies have taken place, usually in individual patients with focal 
status epilepticus (SE). Warach et al (49). performed both 
ictal SPECT and ictal MR bolus tracking investigations in a 
patient who presented with focal SE following treatment for 
a medulloblastoma. The ictal SPECT imaging showed 
hyperperfusion throughout the temporal/parietal/occipital 
regions, while repeat examination 2 weeks later when there 
was no longer epileptic activity showed symmetric perfu- 
sion of the left and right hemispheres. The MR investiga- 
tions were analyzed only in terms of cerebral blood volume, 
with no CBF calculation; nevertheless, the ictal scan showed 
changes associated with seizure activity, with increased 
CBV in the right parietal region, which had resolved at the 
time of the later investigation. During the ictal MR investi- 
gation, the patient's seizures took the form of left visual 
field hallucinations, which did not preclude acquiring 
movement-free data. 

Flacke et al (41). used a combination of DTI and bolus 
tracking perfusion MRI to investigate a patient with non- 
convulsive SE both during a period of seizure activity, and 
1 month later when his EEG had returned to normal. The 
mean diffusivity findings (see previous section) showed a 
focal reduction in ADC av in the left temporoparietal area 
during the ictal scan, which had resolved 1 month later. The 
perfusion data were analyzed in terms of CBV and a surro- 
gate for MTT (not defined), which were used to calculate 
a CBF index (where CBF; = CBV/'MTT' ). CBF ; was demon- 
strated to be elevated in the left temporoparietal region, and, 
consistent with the EEG and DTI findings, had returned to 
normal at follow-up. 

Calistri et al (42). also reported both DTI and bolus track- 
ing perfusion findings in a patient with epilepsia partialis 
continua. The patient underwent MR examination on admis- 
sion, then subsequently at 15 days afterwards, by which 
time all abnormal electrical activity had disappeared from 
the EEG. The initial MR investigation revealed reduced 
average diffusivity and increased perfusion in the right 
frontoparietal cortex (ipsilateral to seizures), and in the con- 
tralateral cerebellum. Both the diffusion and perfusion find- 
ings had returned to normal at the later time point. 
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Together, these reports indicate that MR diffusion and 
perfusion studies provide noninvasive information regarding 
the evolution of focal SE. The abnormal electrical activity in 
SE is accompanied by a focal increase in CBF and has also 
been shown to be associated with perturbation of membrane 
ion homeostasis, with elevation of the extracellular potas- 
sium concentration and an influx of sodium, calcium, and 
water following the osmotic gradient, resulting in cell 
swelling. The latter has been demonstrated in the context of 
cerebral ischemia to be accompanied by a decrease in the 
average diffusivity, as was also manifest ictally in the above 
SE investigations. However, unlike in ischemia, the 
observed increase in perfusion in SE suggests that the cell 
energy state is maintained, with the ADC returning to within 
the normal range in the absence of seizures. 

Other circumstances in which ADC reduction has been 
shown to be reversible include transient ischemic attacks 
and hyperacute stroke (50). In these cases, the normalization 
of ADC is most probably due to the restoration of CBF 
before irreversible cellular damage has occurred. In SE, the 
observed return to normal of the diffusivity on seizure ces- 
sation presumably reflects a different mechanism of disrup- 
tion of ion homeostasis in the context of elevated perfusion, 
namely that it results from abnormal electrical activity rather 
than compromised energy status. It is possible, however, that 
the acute cytotoxic edema implied by the reduced ADC dur- 
ing SE may be associated with longer-term neuronal loss 
if the seizures are prolonged, despite the observed recovery 
of the ADC and normalization of the CBF. The combination 
of MR diffusion and perfusion imaging appears to provide 
evidence for cellular compromise associated with seizure 
activity, and therefore could contribute to the identification 
of the site of recent seizures. 



Interictal Perfusion Magnetic Resonance Imaging 

For the practical reasons already outlined, the application 
of ictal perfusion MRI will be restricted to a minority, of 
patients with epilepsy. Nevertheless, since interictal hypo- 
perfusion (in association with hypometabolism) has been 
shown to have lateralizing value, there remains a potential 
wider role for perfusion MRI in the investigation of focal 
seizures. As might be expected, studies of this type have 
involved larger groups of patients than typically reported for 
ictal studies. 



Continuous Arterial Spin Labeling 

Wolf et al (5 1 ). performed continuous ASL (CASL) perfu- 
sion studies interictally in 12 patients with temporal lobe 
epilepsy (TLE), and also in 12 normal controls. Continuous 
labeling (or control labeling; see background) was applied at 
the level of the cervicomedullary junction, and CBF was 
measured in eight axial slices. A postlabeling delay of 1.2 s 



was used to minimize the effects of transit time from the 
labeling plane to the imaged plane. In addition, 18 F-fluo- 
rodeoxyglucose (FDG) PET studies were also performed in 
1 1 of the patients as part of their clinical evaluation, enabling 
comparison between metabolic and perfusion lateralization 
indices. 

Electroclinical assessment indicated that seven patients 
had right TLE and five had left TLE. Because of the pres- 
ence of both left and right TLE patients, an absolute index 
of asymmetry was used for comparison with controls. It was 
found that, although there was asymmetry present in the 
patient perfusion data, it was not significantly different from 
control asymmetry, which showed a systematically higher 
CBF in the left temporal lobe. Nevertheless, the CASL 
perfusion asymmetry index in patients showed good corre- 
lations both with the clinical lateralization and with the 
FDG-PET hypometabolism laterality. 

Global CBF values were greatly reduced in many of the 
epilepsy patients, which may be explained by the fact that 
the patients were being treated with anticonvulsive medica- 
tions. For comparison of CBF between patients and con- 
trols, therefore, it was necessary to normalize the CBF 
values obtained from the mesial temporal lobes to the global 
CBF values. After normalization, it was found that only the 
left TLE patients showed a significant decrease in CBF in 
the ipsilateral hemisphere compared to control values. In the 
right TLE patients, no significant decrease in normalized 
CBF was observed with respect to controls, although there 
was a significant difference between ipsilateral and con- 
tralateral mesial temporal lobe CBF in both right and left 
TLE patients, with the ipsilateral value significantly lower. 

This study indicates that it is feasible to perform CASL 
perfusion imaging in patients with epilepsy and that addi- 
tional lateralization information may be obtained. The latter 
appears to be substantiated by the good correlation between 
CBF lateralization and both clinical and FDG-PET laterali- 
zation. It has been suggested that FDG metabolic data are 
more useful for seizure localization than blood-flow-based 
PET studies, because of the uncoupling of CBF and meta- 
bolism interictally. Therefore, the apparent correspondence 
between FDG-PET and MR perfusion laterality findings in 
this study is encouraging. 

A number of important considerations were also made 
apparent, however. The difference in global CBF between 
patients and controls indicates the need for caution in inter- 
preting CBF measures, particularly when ROI analysis is 
used. If an ROI alone were to be sampled, an apparent focal 
difference in CBF between patients and controls could result 
from what is in reality a global CBF change. Normalization 
could be performed using the global value (as in this study), 
or by reference to another region of the brain, although at 
the expense of an increase in variance in both cases. Another 
important factor to be considered is the influence of the con- 
trol group. In the particular population included in the above 
work, there was a systemic difference between left and right 
mesial temporal lobe CBF. If this is a general phenomenon, 



MR Diffusion and Perfusion Imaging in Epilepsy / 329 



the implications are, first, that it may be difficult to detect a 
reduction in CBF in the right TLE group (although relative 
asymmetry should be maintained), and second, that without 
control data an asymmetry in right TLE patients could be 
interpreted as significant when it is in fact within a normal 
trend. 



Pulsed Arterial Spin Labeling 

Liu et al (52). also performed an ASL perfusion study, 
but in this case they used a pulsed ASL (PASL) technique 
known as FAIR-HASTE. FAIR describes the particular 
PASL protocol used (see Fig. 12.3), while HASTE (half- 
Fourier single shot turbo spin-echo) is used for data acquisi- 
tion. The latter was chosen due to its relative insensitivity to 
image distortions in regions of high magnetic susceptibility 
gradients, such as the temporal lobes. 

The work describes the investigation of eight patients 
with TLE using both PASL and H 2 15 0-PET The PET data 
were acquired prior to the MR studies, and the results were 
used to select an optimal slice position for the single-slice 
PASL data collection; namely, an axial slice through the 
temporal lobes corresponding to that with the most signifi- 
cant asymmetry on H 2 15 0-PET Both the MR and PET data 
were analyzed in terms of an asymmetry index, and correla- 
tion between the findings was investigated. 

Although a reasonably good correlation was observed 
between the PET and ASL data, it was also apparent that there 
was considerable scatter in the data, and that the slope of the 
linear fit was significantly different from 1. This suggests that, 
although the two measures of perfusion are related, they are 
by no means identical, which may be due to differences in 
sensitivity to particular vessel dimension or variability in 
anatomic location of ROI sampling. No information is given 
in this work as to how the perfusion asymmetries relate to 
seizure localization, with the result that it is not possible to 
conclude which of the techniques performed better with 
respect to seizure location. However, it is particularly restric- 
tive that the ASL data required prior location information 
from the PET data in order to sample a suitable single slice. 

Nevertheless, the similarity of the FDG/ASL findings in 
the study discussed above, and the correlation described 
between H 2 15 0-PET and ASL in this work suggest that, in 
principle, ASL may be able to provide useful additional 
lateralizing information, particularly given the restricted 
availability of PET imaging, although further work is needed 
to provide a robust basis for such a conclusion. 



Bolus Tracking Magnetic Resonance Imaging 

In a bolus tracking study, Wu et al (53). acquired MR blood 
volume data from nine TLE patients interictally and one SE 
patient ictally. FDG-PET data were also acquired in eight of 
the 10 patients (seven interictal, one ictal). In all cases, the 



MR perfusion data were used to construct only CBV maps. 
For the interictal TLE studies, bolus tracking perfusion data 
were acquired from a single coronal slice, in each case using 
a T2*-weighted fast low-angle shot (FLASH) sequence. 
ROIs were outlined in both hippocampi in each case, and the 
CBV was measured. Because of the presence of multiple 
lesions in the patient with SE, bolus tracking was performed 
using EPI, enabling five axial slices to be acquired with a 
time resolution of 1.5 seconds. In addition, in both ictal and 
interictal investigations, CBV measurements were made in 
a ROI of normal frontal white matter. 

Ratios of CBV (hippocampus) or CBV (lesion) to the 
frontal white matter CBV were calculated for the interictal 
or ictal studies respectively. In seven of the nine interictal 
patients, the hippocampus/white matter CBV ratio was 
lower in the left hippocampus. In six of these cases, the left 
hippocampus was atrophic, while no atrophy was observed 
in the other. In the six patients with left-sided lower CBV in 
whom FDG-PET was performed, left temporal hypometa- 
bolism was identified in all cases. The remaining two from 
the nine interictal patients had lower CBV ratio in the right 
hippocampus, which was again concordant with the hippo- 
campal atrophy findings, and with the hypometabolism 
observed in the one patient who had FDG-PET. 

The ictal data from this study are somewhat less con- 
vincing than the interictal data, with the former suffering 
from a less well-delineated means of determining a suitable 
ROI. Although increased CBV is suggested to be present in 
the vicinity of the observed lesions, this is not exclusive to 
these regions and is therefore of limited localizing value. 

The interictal data from the above study are perhaps sur- 
prisingly well correlated with the structural and metabolic 
findings, given that only CBV measures were used. An argu- 
ment is advanced that information about CBF can be 
inferred from the CBV data 'under certain conditions,' but 
this is not the case, as can be seen from the information 
given in the background section of this chapter. In order to 
calculate CBF, a measure of MTT would be required; the 
assumption made in this work would render CBV and 
CBF as always the same, which is clearly not a reasonable 
conclusion. Nevertheless, the CBV data themselves appear 
to enable the inference of meaningful lateralization assign- 
ments, thereby suggesting that bolus tracking MR data may 
be able to make a contribution to seizure lateralization in 
such patients. It might reasonably be argued that the addi- 
tional information available from CBF measures in such 
studies would strengthen this conclusion. 



Discussion: Perfusion in Epilepsy 

Information regarding cerebral perfusion has long been 
recognized as important in the investigation of partial 
epilepsy. MR perfusion imaging therefore appears to offer 
the attractive prospect of obtaining such information non- 
invasively, including the avoidance of ionizing radiation. 
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The benign nature of the investigation also lends itself to the 
performance of serial studies, which could enable an under- 
standing of the evolution or progression of a condition. 
However, it should be acknowledged that there are a number 
of disadvantages to obtaining perfusion data by means of MRI. 

The most obvious drawback is the probable difficulty in 
the majority of patients of obtaining ictal information. It has 
become well established that SPECT is far more successful 
in correctly identifying an epileptogenic region when both 
interictal and ictal studies are combined, while interictal 
SPECT in particular does not have a high success rate when 
used independently. Therefore, the information that perfu- 
sion MRI will be able to provide will be limited in many 
cases, although it remains to be seen whether the potential 
improvement in image quality of MRI compared to SPECT 
will produce more robust interictal findings. 

It is also worth noting that, in terms of data processing, 
the procedure involved in obtaining perfusion MRI meas- 
ures is unlikely to be as robust in the near future as for the 
equivalent DTI parameters. The acquisition of the images 
required for bolus tracking perfusion imaging will be rela- 
tively trivial on any scanner equipped to perform EPI, which 
should include virtually every recent scanner. EPI (or some 
equivalent very rapid acquisition method) is frequently used 
to collect the data, since a time resolution of less than 2 sec- 
onds is required to delineate the concentration-time curve 
adequately. As a result, to enable the acquisition of multiple 
slices within this time frame, each image must be acquired 
extremely quickly. Although not used in the epilepsy work 
discussed above, there are many reports related to ischemia 
(the major application of bolus tracking to date) showing 
multislice acquisition of such EPI data, indicating that this 
acquisition software is widely available. 

The required data analysis, however, presents a far more 
difficult problem than that for DTI. Full analysis of bolus 
tracking data requires the deconvolution of Equation (1) (see 
above) to enable maps of CBF, CBV, and MTT to be calcu- 
lated. However, this is not a trivial procedure to carry out 
reliably in an automated way. Currently, those research 
groups that use this technique extensively generally perform 
the data processing offline from the scanner, using some 
form of in-house software. It is perhaps significant in this 
respect that, in the reports discussed above, no such calcula- 
tions were performed, with the consequence that none of the 
bolus tracking studies reported true CBF values. 

Among a number of problems with automating such a 
process is the difficulty in identifying suitable image voxels 
in which to measure the arterial input function (AIF), which 
is required to perform the deconvolution. It is essential that 
such voxels are placed within a region that samples the arterial 
concentration of contrast agent, which usually requires 
careful manual placement of the sampled regions within a 
large artery (e.g. the middle cerebral artery) while minimiz- 
ing partial volume with surrounding tissue. (Note: it is also 
essential if deconvolution analysis is planned that one of the 
multislice images acquired is positioned to contain such an 



artery with minimal through-slice partial volume.) 
Significant partial volume error will result in significant 
underestimation of the AIF, with corresponding overestima- 
tion of the CBF. Recent work by Alsop et al (54). suggests a 
potential method for the measurement of a 'local' AIF, 
which may improve current approaches, although this work 
is at an early stage at present. 

A further requirement in bolus tracking is that the data 
analysis is confined to the first passage of the bolus of contrast 
and that the effects of recirculated contrast are in some way 
removed or ignored. This can be done by fitting the early part 
of the concentration-time curve to a model function (usually a 
gamma- variate function), and extending the resulting function 
to longer times. Such a fitting routine is difficult to perform 
robustly on a pixel-by-pixel basis, because of low signal-to- 
noise. The alternative to fitting the curve is to analyze only that 
part of the curve that precedes the recirculation peak; this not 
only requires information regarding the optimal time point at 
which to stop the analysis but also results in an underestima- 
tion of the CBV, since CBV is obtained from the area under the 
curve and the whole curve is no longer sampled. 

The problems associated with automated analysis have 
delayed the implementation by scanner manufacturers of 
software capable of performing a full analysis of bolus 
tracking data. It is probable that this situation will change in 
the future, although care should be taken in using data that 
have been generated on a 'black-box' basis, since there is 
great potential for error in converting the raw MR images 
into perfusion parameter maps. 

The alternative approach to MR perfusion imaging, 
namely ASL, has a greater potential than bolus tracking 
to be able to produce absolute values of CBF but does not 
provide information on CBV. The issue of absolute quantifi- 
cation is arguably not so important in epilepsy applications 
because of the potentially confounding effect of anticonvul- 
sant medication on global CBF (see above), which may neces- 
sitate normalization to a reference CBF in order to identify 
focal abnormalities robustly. 

The practical difficulties that might be encountered in 
producing reliable ASL parameter maps are somewhat dif- 
ferent from those described for bolus tracking. Unlike the 
case of bolus tracking, the acquisition of the required images 
is much more demanding in ASL. Since essentially the data 
are produced by taking the difference between control 
images and perfusion-labeled images (with the difference 
expected to be of the order of 1% at a field strength of 
1 .5 T), careful setting up of the MR acquisition sequence on 
a particular scanner is required, in combination with very 
good scanner stability. In addition, the suggested solutions 
to transit time problems (discussed in the background sec- 
tion) for both continuous ASL and pulsed ASL each result in 
a reduction of the magnetic label applied to the flowing 
blood, with the consequence of a further reduction in the 
subtraction signal, particularly when blood flow is very low. 

It remains to be seen whether the problems relating to 
transit time will prove significant in the low flow situations 
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encountered interictally. In the interim, although current 
studies have suggested that it is feasible to obtain laterality 
information by means of ASL measurements, further data 
are required to establish the reliability of the method in the 
study of patients with epilepsy. 



SUMMARY 

Diffusion tensor imaging can provide measures of both 
average diffusivity and FA, and appears to provide further 
information in patients with epilepsy than that available from 
conventional MRI, with the identification of additional abnor- 
malities both in patients with structural lesions and in those 
with partial seizures who have unremarkable conventional 
MRI scans. The clinical utility of these methods remains to be 
established. It is to be hoped that, with the increasingly wide 
availability of MR scanners capable of acquiring such data, in 
combination with the provision of software to calculate mean- 
ingful parameters, the clinical utility may gradually become 
established. 

Although it is a desirable end that DTI tractography may 
be used to identify the connectivity of epileptogenic areas 
and epileptic networks, it is uncertain at present whether it 
will be feasible to obtain adequate information to identify the 
functionally relevant tracts with sufficient reliability. There 
are a number of technical problems that make this difficult, 
in particular related to signal-to-noise ratio, spatial resolu- 
tion, and partial volume issues. However, perhaps the most 
difficult problem is to resolve crossing fibers, for which there 
is to date no practically feasible yet robust solution. This is 
a very active area of research, however, and it is possible that, 
in the coming years, a viable method will be found to extract 
fiber directionality from water diffusivity information that is 
sufficiently robust to the above problems for clinical use. 

Perfusion imaging provides the promise of being able to 
make acute and serial studies of cerebral blood delivery, 
which may make a useful contribution to seizure lateraliza- 
tion and localization in the evaluation of patients with partial 
seizures. This is to some extent already feasible for interictal 
studies and it is likely that the availability and reliability of 
the perfusion information will improve. However, it is well 
known that the efficacy of interictal information in identify- 
ing epileptogenic regions is limited. A significant practical 
limitation, therefore, will continue to be the difficulty in 
obtaining ictal MR perfusion information, for which patient 
confusion and movement associated with seizures will fre- 
quently present a considerable difficulty. 
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CHAPTER 13 



Magnetic Resonance Spectroscopy 



Hoby Hetherington, Ognen Petroff, Graeme D. Jackson, Ruben I. Kuzniecky, 
Regula S. Briellmann and R. Mark Wellard 



For many clinicians and radiologists, magnetic n 
spectroscopy (MRS) has long held great promise of being able 
to noninvasively measure the biochemistry of the living brain. 
Available for measurement are many important chemical prop- 
erties such as metabolite and neurotransmitter concentrations, 
lactate, pH, energy metabolism, and even metabolic rate con- 
stants that are fundamental to brain function and of importance 
in disease. It is fair to say that, in typical practice, MRS has 
become a routine and important test in only a few situations, 
in a few centers, with a limited range of applied techniques 
and for a limited range of diseases. The future importance of 
this technology is only vaguely recognized, if at all. 

While the acquisition of MR spectra is possible on many 
MR systems, only a small amount of the potential of MRS 
is currently used. As this field matures, a range of measure- 
ments of clinical importance will become available. 
Clarifying the potential as well as the issues involved in 
achieving this is the aim of this chapter. 

The chapter is divided into three sections, which deal 
with issues that we believe are essential information for 



a proper understanding of MRS. The first two sections review 
the basics of MR physics and brain biochemical systems. 
The third section reviews the clinical applications of MRS. 

The first section, by Hoby Hetherington, deals primarily 
with determining what MRS can measure and the underly- 
ing MR physics of how this can be achieved. This is funda- 
mental to understanding what is possible with MRS and 
what the limitations of these measurements are. 

The second section, by Ognen Petroff, provides a detailed 
discussion of the biochemistry of the systems that determine 
the concentrations of substances that are measured by MRS. 
As well as highlighting the important window to brain bio- 
chemistry that MRS provides, this information is essential 
for understanding and interpreting changes in brain chem- 
istry that are measured by MRS. 

The third section, by Graeme Jackson, Ruben Kuzniecky, 
Regula Briellmann and Mark Wellard, reviews the current 
state of the literature in MRS of epilepsy. This section 
emphasizes clinical applications and how information from 
MRS can inform clinical decisions. 
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Magnetic Resonance Spectroscopy: 
Principles and Techniques 



Hoby Hetherington 



OVERVIEW 

In-vivo MRS offers the unique ability to noninvasively 
measure the chemical composition of living tissue. Although 
there are a large number of NMR visible nuclei, the most 
commonly used in the in vivo human brain are ! H, 3I P, and l3 C. 
In the next three sections, the information content and major 
methods used for spectroscopic studies in the brain will be 
discussed. Unlike other forms of spectroscopy, the physics 
underlying MR spectroscopy offers the unique ability to 
'engineer' acquisition methods to optimize the measurement 
of different compounds. Therefore we will also discuss the 
rationale, advantages, and limitations behind the major 
acquisition methods used. The text does not try to provide an 
exhaustive theoretical background for the development of 
new sequences but rather focuses on the primary technical and 
biologic issues that govern the selection of different methods. 



iH SPECTROSCOPY 
! H Information Content 

Because of its high sensitivity and it wealth of informa- 
tion content, l H spectroscopy has become the most widely 
used nucleus for the investigation of in-vivo metabolism in 
the human brain. 'H spectroscopy offers the unique ability 
to monitor a variety of metabolites and processes ranging 
from markers of neuronal injury and loss (TV-acetyl aspar- 
tate) through the product of anaerobic metabolism (lactate) 
to direct measures of the primary inhibitory and excitatory 
neurotransmitters (gamma-amino butyric acid - GABA - 
and glutamate). However this wealth of information, when 
combined with the relatively small range of frequencies over 
which these resonances occur, results in substantial spectral 
overlap, making quantification of the resonances difficult. 
Therefore a variety of acquisition methods specific for indi- 
vidual resonances or groups of resonances have been devel- 
oped. In general, no single method is capable of delivering 
optimal sensitivity and specificity for all major resonances 
of interest simultaneously. The investigator must therefore 
often tailor the particular study to the compound or class of 
compounds most relevant to the investigatory goals. 

In the following sections we will discuss the major methods 
available and their biologic information content. As a whole, 



there are three broad groups of resonances of interest for 
neuroscientists: 

• non-J-coupled high-concentration singlet resonances, 
which can be measured using relatively simple and 
widely available methods 

• J-coupled resonances of high concentration that require 
either high-performance hardware or specially optimized 
sequences and sophisticated postacquisition analysis 
routines 

• J-modulating resonances of low concentration that 
require more sophisticated acquisition methods. 



High-concentration Singlets 



The most widely used resonances, because of their rela- 
tively large brain concentration (ll-30mmol/l in proton 
intensity), biologic significance, and ease of acquisition, are 
/V-acetyl aspartate (NAA), creatine (Cr), and choline (Ch). 
For neurologic studies, NAA, which is synthesized only in 
neuronal mitochondria (1), has proved to be a valuable 
marker for assessing neuronal loss and damage (2-4). 
Because of its greater content in astrocytes in comparison to 
neurons (1), elevations in the creatine resonance, reflecting 
the summation of phosphocreatine and creatine, have been 
interpreted as reflecting gliosis (5-7). Choline has largely 
been used as a marker for elevated membrane turnover (6, 7). 
Epileptogenic regions are typically characterized by a com- 
bination of neuronal loss and damage with or without reac- 
tive gliosis. As such, NAA is typically decreased while 
creatine and choline may remain unchanged or become ele- 
vated (8,9). Thus, either measures of NAA content or ratios 
of NAA:Cr, NAA:Ch, and NAA:(Cr+Ch) have been used to 
identify regions of metabolic abnormalities (8, 9). 

Although these compounds contain a number of different 
'H resonances, the most commonly used are 2.02 ppm reso- 
nance of NAA, the 3.02 ppm resonance of creatine and the 
3.17 ppm resonance of choline (Fig . 1 3 . 1 ) . All three of these 
resonances are not J-coupled. Thus these 'H nuclei appear as 
single, narrow resonances, reflecting the summed intensity 
of all 'H nuclei in the group (three for NAA and creatinine; 
nine for choline). In addition to their narrow resonance 
structures and high multiplicity, the concentrations of NAA, 
creatine and choline are amongst the highest in human brain. 
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FIG. 13.1 . High-resolution spectrum from a perchloric acid extract of 
rat brain showing the major 1 H resonances. (Courtesy of KL Behar; 
with permission from Behar and Ogino 1991 (10).) 



Quantitative studies of NAA, creatinine and choline have 
reported in- vivo cerebral levels of approximately 10 mmol/1 
for NAA, 6-9 mmol/1 for creatine, and 1.2-1.8 mmol/1 for 
choline, depending upon tissue type (gray vs white matter) 
and cerebral location (cerebrum vs cerebellum) (11, 12). 
Thus, combining the tissue contents with the multiplicity 
of the resonance (three for NAA and Cr) and (nine for Ch), 
the in-vivo resonances of these three compounds reflect 
'H intensities of 1 1-30 mmol/1. 



High-concentration Multiplets 

Amongst the next highest molecules in concentration 
in the human brain are glutamate and glutamine. Glutamate 
is the primary excitatory neurotransmitter in mammalian 
brain. Additionally, glutamate occupies a key role in linking 



neurotransmission and energetics via its role in the glutamate- 
glutamine cycle in neurons and astrocytes and its intercon- 
vertability with a-ketoglutarate, a key intermediate in the 
tricarboxylic acid (TCA) cycle. Glutamine occupies a cru- 
cial role in returning carbon equivalents of neurotransmitter 
glutamate taken up by astrocytes back to neurons and detox- 
ification of excess ammonia loads. Thus measurements 
of glutamate and glutamine can provide insight into imbal- 
ances in glutamate metabolism and hyperexcitability in 
patients with epilepsy. 

Glutamate demonstrates three non-exchangeable 'H 
resonances, which appear as triplets or higher-order multi- 
plets depending upon the field strength. The most commonly 
used resonance for quantification is the 2.35 ppm resonance 
that appears at high field as a triplet with resonance intensi- 
ties of approximately 1:2:1 (see Fig. 13.1). Given its multipli- 
city of 2, and concentration of 5-10 mmol/1 depending upon 
location and tissue type, a total intensity of 10-20 mmol/1 is 
distributed across the three lines. Thus the central line glu- 
tamate is smaller than that of NAA by a factor of 3-6. The 
structure of glutamine is similar to that of glutamate; its 
upfield resonances are also seen as triplets and higher order 
multiplets. Because of the lower concentration of glutamine 
in the brain (3-6 mmol/1), the center line of its 2.48 ppm 
resonance is a factor of 5-10 smaller than that of NAA. 

As described, J-coupling splits these resonances into 
multiple lines, which reduces the overall sensitivity and broad- 
ens the spectral range, making overlap with other molecules 
and each other problematic. Typically this overlap can be 
accounted for only through sophisticated postacquisition mod- 
eling programs using extensive a priori assumptions, very high 
signal-to-noise ratio (SNR) spectra and system/acquisition- 
dependent variables (13). Additionally, the J-coupling also 
results in phase modulation of the individual resonance lines, 
such that, depending upon the echo time used, the resonance 
lines may be either positive, negative, or near zero (Fig. 13.2). 
To overcome this effect, most investigators have typically 
used sequences with very short echo times so as to acquire the 
data before significant J-modulation occurs. This both limits 
the type of sequence that can be used to acquire the data and 
places greater demands on the MR system hardware. 



Low-concentration Multiplets 

In addition to the compounds already described, other 
significant metabolites of interest for epileptologists include 
GABA, lactate and beta-hydroxybutyrate (BHB). GABA, 
the primary inhibitory neurotransmitter, is known to be 
globally decreased in a variety of epilepsies. Lactate, the end 
product of anaerobic glycolysis, is known to accumulate 
during seizures in animal models and has been observed to 
remain elevated in the immediate postictal period in humans 
(14). BHB is the primary alternate fuel for the brain when 
glucose levels are depressed and the metabolic target of the 
ketogenic diet, a treatment used for childhood epilepsies. 
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FIG. 13.2. Spectra acquired with varying echo til 
of glutamate as a function of echo time. 



s from a sample of glutamate and acetate at 4.1 T, showing the J-modulation characteristics 



Like glutamate and glutamine, GABA, lactate, and BHB 
are also J-coupled. Specifically, GABA features three upfield 
resonances (two triplets and a higher-order multiplet). 
Lactate has two resonances, a doublet and a quartet, while 
BHB has three resonances, a doublet, a quartet, and a higher- 
order multiplet. However, unlike glutamate and glutamine, 
their concentrations in the human brain are typically at or 
below 1 mmol/1. Brain GABA levels have been estimated to 
be 1-1.2 mmol/1, while cerebral lactate levels are typically of 
the order of 0.5-0.7 mmol/1. BHB is typically well below 
100 (imol/1, except during ketosis, when brain levels may 
reach 0.5-1 .0 mmol/1. Given the range in multiplicities, three 
for the 1.33 ppm lactate and 1.20 ppm BHB doublets and two 
for the 3.00 ppm GABA triplet, the resonance intensities are 
a factor of 20-40 smaller than those of NAA (see Fig. 13.1). 

Because of the low concentration of these compounds 
and their overlap with other resonances such as creatine and 
macromolecules, their detection using standard sequences is 
prone to large uncertainties. To overcome this limitation, 
advanced MR methods known as spectral editing sequences 
have been developed (15-18). These sequences make use of 
the unique J-coupling properties of the individual resonances 
and are not available on most clinical systems. Additionally, 
because of the low concentration, SNR limitations restrict 
the minimum volume resolution achievable. Thus to date 
most of the studies measuring GABA, lactate, and BHB in 
the in-vivo human brain have been performed using surface 
coils, which sample peripheral regions of the brain. 



Water Suppression and Lipid Suppression 



As described, the 'H spectrum contains a wealth of 
metabolic information. However the metabolites of interest 



vary in effective concentrations ranging from 1 to 30 mmol/1 
in 'H intensity. Overshadowing these resonances are the 
tissue water signal, representing 70-1 10 mol/1 ; H intensity, 
and the molar signals arising from lipids. Fortunately, the 
lipid signals arising from brain tissue under normal condi- 
tions are immobile, such that they are extremely broad, 
decay rapidly, and are generally not detectable. However, 
the tissue water and extracerebral lipids arising from muscle 
and fat are detectable, and represent large potentially inter- 
fering resonances. Independent of which resonances are 
to be observed, the tissue water and the extracerebral lipid 
resonances must always be suppressed. 



Water Suppression 

To date the most widely used methods for water suppres- 
sion rely on frequency difference between the tissue water 
signal at 4.67 ppm and the most commonly observed 
metabolites (0.9^4.1 ppm). The most common method for 
water suppression (CHESS) uses a frequency-selective exci- 
tation pulse followed by a large gradient pulse (19). This has 
two effects. First the radiofrequency (RF) pulse reduces the 
amount of longitudinal water magnetization that can be 
excited and detected by the remainder of the pulse sequence. 
Second, the gradient pulse disperses the water magnetiza- 
tion in the transverse plane over all available angles, such 
that its vector sum is zero. The extent to which the water res- 
onance is suppressed is directly determined by the extent to 
which a perfect 90 pulse is achieved. Inhomogeneities in the 
transmit system or errors in calibration can dramatically 
reduce the efficiency of water suppression. To overcome 
this limitation for moderate calibration errors or moderate 
inhomogeneities in the RF coils, a variety of multi-pulse 
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FIG. 13.3. A, B. Single-scan spectra from a 10 mm thick slice in 
human brain. The spectra in A were acquired without an initial non- 
selective inversion pulse, while B was acquired with an inversion 
pulse and 265 ms delay. The dominant extracranial lipid resonance 
seen in A is dramatically suppressed (>50-fold) in B. C, D. A scout 
image and the corresponding NAA image acquired using the single 
plane selection method. E. A spectrum (0.5 ml) from the cortical 
periphery; its location is designated in C by the white square. (With 
permission from Hetherington et al. 1994 (279).) 



suppression schemes using varying flip angle have been 
developed (20). 

An alternative approach uses specially crafted excitation 
or refocusing pulses to excite only the metabolites and avoid 
the water resonance. These pulses are simple to apply (simple 
block shapes and fixed delays) and because of their symme- 
try provide near complete water suppression independent of 
the applied RF field or any heterogeneities in it (Fig. 13. 3A). 
The primary limitation to these pulses is that the spectral 
profile delivered is not rectangular, and small variations 
(<5-10%) in efficiency occur across the excitation band (21). 
Additionally, for resonances that are extremely close to the 
water resonance (<0.5 ppm away) the required pulse trains 
become too long in duration. 



Lipid Suppression 

Although brain lipids are largely invisible using conven- 
tional pulse sequences, extracerebral lipids arising from 
muscle and scalp are visible and can dominate the >H spec- 
trum. To exclude these resonances, three primary methods 
have been employed. The most common method uses volume 
localization sequences to limit the acquired data to a three- 
dimensional (3D) volume entirely within the brain (see 
Clinical applications, below). By restricting the spectral data 
to brain tissue only, the extracerebral lipid resonances are 
eliminated. 

However, in circumstances where peripheral cortical 
regions might be of interest, as in neocortical epilepsies, 
restriction of the volume of interest to a rectangle may pre- 
clude sampling of the desired region. For studies where the 
entire brain within a slice, or a peripheral cortical location, 
is to be evaluated, use of an alternative method can be more 
effective. Because of the short Tl and T2 relaxation times of 
the lipids relative to metabolites, sequences using either Tl or 
T2 weighting can be used to suppress lipid resonances. Early 
measurements using low field (1.5 T) systems often used 
long-echo (T E 136 or 272 ms) sequences to suppress the lipid 
resonances. Unfortunately, because of the dramatic reduction 
of metabolite T2s with increasing field strength, this approach 
at higher fields (>3.0T) results in substantial SNR loses, 
offsetting the gain in SNR afforded by higher-field magnets 
(21). Alternately, use of an initial inversion recovery pulse 
followed by an optimized delay can reduce the lipid signal by 
a factor of 40-100, while the metabolites are only reduced by 
a factor of 2 (Fig. 13.3A,B). This sequence when combined 
with spectroscopic imaging methods (see Clinical applica- 
tions, below) can then be used to map metabolic abnormali- 
ties from peripheral cortical locations (Fig. 13.C-E). 



Spectroscopic Localization 



Unlike measurements of excised tissue, in-v 
ments require some form of volume localization to provide 
interpretable data. Specifically, the region or regions of the 
brain giving rise to the acquired spectrum must be well 
defined. To date there are two primary schemes for provid- 
ing localized spectra: single-voxel methods and spectro- 
scopic imaging methods. For single-voxel methods a single 
moderately sized region of the brain (typically 2-8 ml) is 
acquired. Spectroscopic imaging methods simultaneously 
acquire many smaller voxels (0.5-2 ml) spanning a larger 
2D or 3D region of the brain. By acquiring the data in spec- 
troscopic imaging mode, each acquisition step contributes full 
SNR to every reconstructed location. To a first approxima- 
tion, the minimum time required to achieve sufficient SNR 
for every voxel in the SI data set is equivalent to the amount 
of time required for the identical SNR from a similar-sized 
single-voxel acquisition. Acquisition of additional spectra 
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from other locations using a single-voxel method would 
then require additional scans, thereby substantially length- 
ening the duration of the study. 

Although the efficiency of collection and information 
content of spectroscopic imaging methods is substantially 
higher than single-voxel methods, the acquisition, analysis, 
and interpretation are also significantly more complex. 
Although most early MR studies of epilepsy utilized single- 
voxel methods (3), the desire to map the extent of the meta- 
bolic alterations has made spectroscopic imaging the 
method of choice for most recent studies of nonmodulating 
multiplets. Because of the complexities of pulse sequence 
design for measuring J-modulating resonances, to date most 
studies of glutamate and glutamine have used single-volume 
acquisitions. However, recently advanced methods for spec- 
troscopic imaging studies of glutamate and glutamine have 
been reported, offering the advantages of regional mapping. 
Finally, because of the low concentrations of GABA, lactate 
and BHB, and the requirement for spectral editing 
sequences, virtually all these measurements have been per- 
formed using single- volume methods. 



Single-volume Localization Methods 



As described, the first attempts to acquire localized spec- 
tra from the human brain used acquisition methods that 



selected a single well-localized volume. Although a variety 
of methods and combination methods have been reported, 
the most common methods are stimulated echo acquisition 
mode (STEAM; Fig. 13.4A) and point resolved spec- 
troscopy (PRESS; Fig. 13.4B) (19). These sequences are 
similar in that volume localization is achieved using three 
spatially selective pulses to define a cubic volume in three- 
dimensional space. Specifically, each pulse serves to excite 
or refocus a slice, such that at the conclusion of the sequence 
the three-dimensional rectangular volume reflecting the 
intersection or overlap of the three pulses yields detectable 
signal. However the methods differ in that STEAM acquires 
a stimulated echo using three slice-selective 90 pulses, 
whereas PRESS acquires a double spin echo using a slice- 
selective 90 pulse and two-slice selective 180 refocusing 
pulses. This difference allows STEAM sequences to be 
acquired with very short r E s (<20 ms) but at a cost of a fac- 
tor of 2 in SNR, whereas PRESS typically uses longer echo 
times (>40 ms) because of the requirement to form two spin 
echoes, but retains full SNR. 

For STEAM, the 50% reduction in sensitivity is a signi- 
ficant limitation with regards to minimum volume sizes. 
Thus STEAM data are typically acquired using volumes of 
2-8 ml. However the ability to acquire data with short 7* E s 
(<20 ms) minimizes J-modulation losses in compounds such 
as glutamate and glutamine (22, 23). For PRESS-based 
acquisitions, the retention of full SNR makes it an ideal 
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FIG. 13.4. Pulse sequence diagrams for (A) STEAM; (B) PRESS; and (C) Adiabatic LASER sequence, D, E. Data acquired using the sequence 
displayed in C from the human hippocampus, including NAA and creatinine images, and a representative spectrum from the hippocampus. The 
data were acquired at 4.0 T in the human hippocampus. 
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method when the total echo time is not a limitation and SNR 
is limiting (e.g. measurements of NAA, creatinine, and 
choline). Thus PRESS-based localization sequences are 
commonly used in conjunction with spectroscopic imaging 
when peripheral regions are not of interest. In this case the 
localization provided by the PRESS sequence is used to 
exclude unwanted regions such as near the sinuses and audi- 
tory canals, where significant susceptibility induced static 
field inhomogeneity artifacts occur. 

At higher B 0 field strengths (>3 T) the electrical and geo- 
metric properties of the human head begin to dominate the 
achieved homogeneity of the RF coils used for transmission 
and detection (24). This inhomogeneity manifests itself by 
making the efficiency of pulse sequence spatially depend- 
ent. For PRESS acquisitions the B, dependence induces a 
sin 5 (8) weighting where 9 is the applied pulse angle. Thus, 
for inhomogeneities of 20%, a 27% reduction in signal 
amplitude can occur independent of any change in meta- 
bolite concentration. To overcome this effect, the PRESS 
sequence can be modified to utilize adiabatic refocusing 
pulses (25). These pulses achieve perfect refocusing over a 
wide range of RF values (9), such that there is no degrada- 
tion in signal creation efficiency. Figure 13.4C shows an 
example of an adiabatic version of the PRESS sequence, the 
LASER sequence, in which all three dimensions of localiza- 
tion are achieved using adiabatic refocusing pulses. When 
used with an adiabatic excitation pulse, the pulse angle 
dependence of this sequence is zero. This minimizes errors 
and uncertainties in quantification of the acquired spectra. 



Spectroscopic Imaging 

By simultaneously acquiring data from multiple vol- 
umes, spectroscopic imaging methods have become the 
method of choice for mapping metabolic alterations in the 
lateralization and localization of seizure foci using 'H spec- 
troscopy. To provide regional information, phase encoding 
gradients in one, two, or three dimensions are applied after 
the initial excitation pulse. The gradient strength is then lin- 
early incremented such that the signal from each location 
varies in a sinusoidal fashion. The frequency of the sinu- 
soidal variation varies linearly with distance from the center 
of the magnet. Fourier transformation of the data with 
respect to the gradient step in each of the acquired directions 
(one, two, or three dimensions), resolves the signals into 
their discrete sinusoidal frequencies, and thus their respec- 
tive distances from the magnet center. For a 2D encoding 
sequence, where 32 encodes are acquired in each direction 
(32 x 32 = 1024 encodes total) a 32 x 32 map is generated 
with a spectrum associated with each location in the map. 
The resonance intensity for a single species (e.g. NAA) can 
then be determined for each location and a metabolic image 
of NAA can be constructed. Typically, the data is then 
interpreted by super-imposing an anatomic image over the 
spectroscopic imaging map. 



As described, spectroscopic imaging studies can be car- 
ried out in one, two, or three dimensions. However because 
of the requirement to obtain good water suppression over the 
entire acquired volume, and the strong B 0 inhomogeneities 
associated with locations adjacent to the oral cavity, 3D 
spectroscopic imaging of the entire brain is not generally 
possible. Additionally, even for 2D studies of a single plane, 
the susceptibility effects from the sinuses and ear canals 
limit homogeneity from slices taken along the temporal pole 
to the more medial locations, including the hippocampus 
and mid brain. Thus, single-voxel localization schemes such 
as PRESS and LASER are often used to select and extend 
2D volume within a slice (eg 10 x 8 x 1 cm) and spectro- 
scopic imaging is then performed over that volume. Figure 
13.4C-E show an example using the LASER sequence and 
a semiselective excitation pulse. 



Measurements of N- Acetyl Aspartate, Creatine 
and Choline 

As described, because of their high concentration, multi- 
plicity, singlet structure, and absence of J-coupling, NAA, 
creatine and choline can be easily measured by routine spec- 
troscopic imaging methods. Because of the ability to acquire 
more than a single location at a time and the variations in 
metabolite content as a function of tissue content, the accurate 
analysis of spectroscopic imaging data presents significant 
hurdles. At the resolutions typically attainable (0.5-2 ml) 
with volume head coils, significant mixing of gray matter, 
white matter, and cerebrospinal fluid (CSF) occurs, such 
that typically individual voxels span the gamut from pure 
gray matter to pure white matter. 

Additionally, variations due to brain region, cerebrum 
versus cerebellum, can also have profound effects on the 
measured spectra. Although NAA has been reported to be 
relatively constant across gray and white matter (Table 13.1, 
Fig. 13.5), creatine is known to be 30-50% higher in gray 
matter as opposed to white matter. Thus, the common prac- 
tice of reporting ratios of NAA or choline relative creatine, 
results in substantial variability on a voxel-by- voxel basis in 
normal controls. If this heterogeneity is not accounted for, 
false positives for the detection of neuronal loss/damage 
(higher than average gray matter, higher than average 
Cr/NAA) or false negatives (higher than average white mat- 
ter, lower than average Cr/NAA) can occur when using the 
Cr/NAA ratio to identify epileptogenic regions (26). 

To overcome this limitation and identify true differences 
in metabolic content it is necessary to compare each voxel 
to its anticipated control value, corrected for tissue content 
heterogeneity. This can be done by: 

• determining the metabolite content of 'pure' gray and 
white matter voxels using a regression analysis 

• determining the amount of gray matter, white matter and 
CSF in the voxel, and 
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FIG. 13.5. A. Plot of the quantitative values of NAA, CR and CH as function of gray matter content. B. Representative spectra from gray and 
white matter, highlighting the higher levels of creatine in human gray matter. C. A regression analysis of CR/NAA as a function of gray matter 
content from the in-vivo human temporal lobe at the level of the hippocampus. D. The regression analysis was used to identify regions of meta- 
bolic abnormality (color overlays) in a patient with temporal lobe epilepsy. (With permission from Chu et al. 2000 (26).) 



• combining these values to calculate a predicted 
metabolite content or ratio. 

If this data is further combined with the statistical varia- 
tion seen in normal controls, the significance of the differ- 
ences from control for any given voxel in a patient study can 
then be assessed. This data can then be presented in terms of 
color-coded maps overlaid on the anatomic images for easy 
interpretation (Fig. 13.5). 



Measurements of Glutamate and Glutamine 

Because of their J-coupling, significant losses in intensity 
occur in glutamate and glutamine if sequences using even 
moderate echo times (T E >20ms) are used (Fig. 13.6A). 
Thus, most studies designed to measure these compounds 
have used STEAM sequences to acquire the data (Fig. 
13.6B). However, because of the short echo, the STEAM 
spectra contain substantial contributions from macromolec- 
ular resonances (Fig. 13.6C) that distort the baseline under 
these resonances. 

To overcome this limitation, three primary approaches 
have been employed. In one approach a 'metabolite sup- 
pressed' spectra, a spectrum containing only macromolecule 



components, can be acquired using a long inversion-recovery 
sequence. Subtraction of the resulting spectra provides a 
macromolecule- 'free' spectrum simplifying spectral inter- 
pretation (Fig. 13.6D). However, subtraction of the 'metabolite 
suppressed spectra' reduces the overall SNR and lengthens 
the study time through requirement of a second scan. 
Alternately, other investigators have used reference spectra 
from normal controls to serve as a model for subtraction 
from subsequent data sets (27). However this assumes that 
the macromolecular components are invariant to disease 
process, which is not true in stroke (28) and unknown in 
epilepsy. 

A third approach is to refocus or eliminate the effects of 
J-modulation, so as to allow longer echo evolution periods 
that reduce macromolecule components through T2 losses. 
Recently, two approaches for acquiring spectroscopic 
images of glutamate in the in-vivo human brain have been 
reported. The first method uses a novel pulse sequence in 
which the J-modulation of glutamate and glutamine is refo- 
cused by use of a polarization transfer or multiple-quantum 
transfer step (29). Although highly effective, the phase of 
the transverse magnetization at the time of the transfer pulse 
must be carefully adjusted, otherwise substantial SNR 
losses occur. More recently, an optimally timed LASER 
sequence has been used to acquire spectroscopic images of 
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FIG. 13.6. A, B. Volume-localized spectra of glutamate from the human hippocampus acquired using PRESS and STEAM methods. C. High- 
resolution spectra acquired from an ex-vivo rat brain, demonstrating the presence of macromolecular resonances that appear in the high-molec- 
ular-weight dialyzed fraction of the brain. D. These resonances are suppressed in the in-vivo human brain. Specifically, the top spectrum 
represents both low-molecular-weight metabolites and high-molecular-weight macromolecular resonances, while the middle spectrum is 
acquired with an initial inversion pulse to suppress low-molecular-weight metabolite resonances. Differencing of these spectra yields the third 
spectrum, containing only the low-molecular-weight metabolites. Note the improvement in spectral resolution in the region about glutamate 
(2.35 ppm). E. A 1 ml spectrum acquired from the human hippocampus using a modified LASER method. (A. with permission from Simister 
et al. 2002; (23) B. with permission from Choi et al. 1999; (22) C. and D. with permission from Behar et al. 1994 (272).) 



glutamate from the adult hippocampus (Fig. 13. 6E). 
Because of the special characteristics of the adiabatic 
selection pulses, they serve not only to localize the signal 
but also to suppress homonuclear J-modulation through 
time averaging of the coupling Hamiltonian. By increasing 



the echo time to 40-50 ms, these sequences suppress 
the macromolecular resonances beneath glutamate and 
glutamine, providing for flat baselines and removing the 
requirement for fitting or subtracting macromolecular 
contributions. 
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Independent of the acquisition or localization method 
used, at 1 .5 T extensive overlap between the glutamate and 
glutamine resonances occurs, such that advanced fitting 
algorithms using a priori knowledge are required to interpret 
the data. Additionally, at 1.5 T the simple triplet systems 
seen for the C-4 resonances of glutamate and glutamine 
degenerate into strongly coupled systems, making fitting 
and analysis highly dependent on the acquisition parameters 
used. At higher field strengths (4T and above), the gluta- 
mate and glutamine spin systems simplify, and approach a 
weak-coupling limit, displaying more classical coupling 
patterns. Even at 4 T, the most downfield line of the 2.35 
glutamate resonance overlaps the most upfield line of the 
2.48 ppm glutamine resonance. Thus high B 0 homogeneity 
is a requisite for accurate fitting of the acquired data. 



Measurements of Gamma-amino Butyric Acid, 
Lactate, and Beta-hydroxybutyrate 

Unlike glutamate and glutamine, the typically low con- 
centrations of GABA, lactate, and BHB (=1 mmol/1 or less) 
makes their observation challenging both for SNR and spec- 
tral overlap reasons. As described previously, the multiplet 
structure and low concentration results in a 20-40-fold 
reduction in peak intensity in comparison to NAA. To com- 
pensate for this increase, a similar 20-40 volume increase is 
required, e.g. 20-40 ml volumes or alternatively the use of a 
more sensitive detector, such as a surface coil. Surface coils 
of 7-10 cm diameter typically provide increases in SNR 
ranging from 3-5 over that of volume coils, bringing the 
require volumes sizes down to approximately 5-10 ml for 
the accurate measurement of submillimolar concentrations 
of GABA, lactate, and BHB. However the increased SNR 
comes at that sacrifice of limited penetration into the brain 
(typically =5 cm) from the brain surface. Thus to date most 
MR studies of GABA, lactate, and BHB have been per- 
formed using surface coils focusing on the occipital lobe. 

Even when adequate SNR can be obtained, the GABA, 
lactate, and BHB resonances are overlapped by other reson- 
ances of much higher concentration, such as creatine, glu- 
tamate, glutamine, and macromolecule resonances. To 
overcome this limitation, specialized spectral editing 
sequences have been developed. These sequences utilize the 
unique J-coupling properties of the molecules to selective 
induce/inhibit J-modulation in the spectrum (Fig. 13. 7 A). 
For GABA, the 3.00 ppm C-4 resonance is typically the 
target for observation. On alternate scans a selective 180 
pulse is applied to its J-coupled partner at 1 .9 ppm. When 
the 180 pulse is applied with the correct timing interval, 
(one-quarter J or approximately 34 ms) the J-modulation is 
reversed, and the C-4 resonance appears as an in-phase triplet 
(Fig. 13.7B). When the pulse is not applied, the outer lines 
of the triplet undergo J-modulation and their phase inverts. 
Resonances such as creatine that are not J-coupled do not 
experience J-modulation and thus are not affected by 
the selective 180 pulse applied to the 1.9 ppm position. 



When the spectra are subtracted only the outer lines of the 
GABA triplet remain, and the creatine resonance is eliminated. 

Despite the elimination of the creatine resonance, a 
macromolecule resonance also overlaps the GABA position. 
Unfortunately the macromolecule resonance is also J-coupled 
with a similar coupling constant. To further complicate the 
problem, the macromolecule resonance's coupled partner is 
located at 1.7 ppm, only 0.2 ppm away from the GABA reson- 
ance. Thus the selective inversion pulse must be highly selec- 
tive to avoid inverting the macromolecule resonance and thus 
also causing 'co-editing' of the macromolecule resonance. 

At field strengths of 3 T and lower, because of the small 
frequency differences (less than 24 Hz) it is not possible to 
selectively edit only the GABA resonance. To overcome this 
approach, three methods have been reported. The first uses 
a 'metabolite suppressed' spectrum to subtract out the 
macromolecule component (30). However this method 
requires additional measurements and a spectral subtraction. 
A second approach uses a 'macromolecule-optimized' 
measurement and a mathematical correction to the GABA- 
edited spectrum based on the efficiencies and selectivity of 
the two inversion pulses (17) (Fig. 13.7C). 

The third approach, and perhaps the simplest and most 
efficient, has been recently described by Henry (31). In this 
approach, the two spectra to be subtracted are acquired with 
the inversion pulse centered at 1 .9 ppm, and 1 .5 ppm. It is 
assumed that the 1 .5 ppm centered inversion pulse does not 
affect the GABA 1.9 ppm resonance; therefore the 3.0 ppm 
GABA resonance should J-modulate normally. However the 
macromolecule resonance at 3.0 ppm should see the same 
degree of J-modulation in both acquisitions, since both 
inversion pulses are centered 0.2 ppm (1.9 and 1.5 ppm) 
away from its 1 .7 ppm coupled partner. Thus automatically 
the macromolecule contributions to the final edited spectrum 
are canceled. 

As a final note, the selectivity of the inversion pulse is 
critical in these approaches. Specifically, if the inversion 
pulse applied at 1 .5 ppm also affects the 1 .9 ppm resonance 
of GABA, the final edited GABA intensity will be reduced 
and, in the limit that the pulse selectivity is poor, the GABA 
resonance may be completely eliminated. 

Unlike GABA, lactate and BHB have methyl resonances 
that are split by a single J-coupled 'H partner, giving rise to 
two up-field doublet resonances at 1.33 and 1.21 ppm 
respectively. Although they are not obscured by other major 
cerebral metabolites, their position is overlapped by a num- 
ber of macromolecule resonances and may be obscured by 
residual lipid resonances. When lactate levels are elevated 
by more than 200% (concentrations greater than 2 mmol/1), 
the resonance is usually detectable in standard localized 
PRESS and spectra as an inverted doublet at h = 136 ms and 
an upright doublet at 272 ms. To confirm the identity, typi- 
cally both the r E = 136 and T E =272 ms spectra are collected 
and the phase modulation of the resonance at 1.33 ppm is 
used to confirmation the resonance as lactate. 

For more subtle changes in lactate or BHB, less than 
1 mmol/1, spectral editing sequences offer the highest 
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FIG. 13.7. A. A GABA spectral editing sequence. B. The corres- 
ponding spectra, from a solution of GABA and glycine. C. In-vivo 
data in the human brain. In B the top spectrum is acquired without 
an inversion pulse to the GABA C-3 resonance, such that GABA 
C-4 triplet resonance has not J-modulated, whereas the second 
spectrum was acquired with the inversion pulse, resulting in 
J-modulation of the GABA C-4 resonance. Application of the inver- 
sion pulse at either the GABA C-3 (1.9ppm) resonance or the 
macromolecule (MM) resonance (1 .7 ppm) yield the corresponding 
predominantly GABA or MM edited spectra. D. The use of the anal- 
ogous spectral editing method for measuring lactate and beta- 
hydroxy butyrate (BHB) in the human brain. (With permission from 
Hetherington et al. 1998 (280).) 



sensitivity and specificity. Unlike GABA, where 50% of the 
intensity is lost in the editing study, full sensitivity can be 
obtained for the lactate and BHB up-field doublets. For 
these resonances a selective 180 pulse is applied to the 
coupled partner (4.1 1 ppm for lactate, 4.2 ppm for BHB) at 
T E = 68 ms. The spectra can then be subtracted to obtain the 
edited methyl resonances. Fortunately, the overlying macro- 
molecular resonances do not have coupled partners in the 
vicinity of 4 ppm, such that editing of these resonances is 
dramatically simplified. Figure 13.7D shows an example of 
the measurement of lactate and BHB from a child being 
treated with the ketogenic diet. Of note, the BHB resonance 
in the normal, not ketotic, brain is less than 100jJ,m, whereas 
in this child the brain concentration is in excess of 1 mmol/1, 
indicating its availability for oxidative use. 



31 P SPECTROSCOPY 



Information content 



Unlike ] H spectra, where the ubiquity of the l H resonance 
provides a vast array of resonances to observe, the 31 P spec- 
trum is limited in its content, reflecting five primary groups 
of resonances: phosphocreatine (PCr), inorganic phosphate 
(Pi), adenosine triphosphate (ATP), and phosphomonoester 
(PME) and -diester (PDE) (Fig. 13.8). Therefore, although 
limited in the types of resonance that can be measured, the 
31 P spectrum provides great detail with regard to the bio- 
energetic status of the tissue (PCr, ATP, and Pi). This has 
proved quite useful in studies of temporal lobe epilepsy 
(TLE), where marked energetic impairment, decreased PCr/Pi 
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FIG. 13.8. A 31 P spectrum of human brain acquired at 4T from a 12 ml 
volume. The spectrum displays resonances from phosphomonoesters 
(PME), inorganic phosphate (Pi), phosphodiesters (PDE), phospho- 
creatine (PCr), and adenosine triphosphate (a,p\y resonances). 



and PCr/ATP, is present in both the ipsilateral and contralateral 
hippocampi. Additionally, because of the chemical exchange 
characteristics of the Pi resonance, pH can be determined 
from its chemical shift. Similarly, although less used, the 
free magnesium content pMg can be determined from the 
chemical shift of the p-ATP resonance. The PDE and PME 
resonances give information about lipid head-groups. 

Because of the relatively large chemical shift range and the 
relatively low number of major resonances, the 3I P spectrum 
is relatively free of spectral overlap, such that advanced 
spectral editing methods are not required. Similarly, with the 
exception of broad resonances arising from calcium phos- 
phate in the skull and immobilized lipid head groups, which 
are exceptionally broad, the 31 P spectrum is free of overlap- 
ping dominant resonances that must be suppressed. Thus, 
methodologically, 31 P spectra are relatively easy to acquire 
and analyze. However, because of its decreased gyromagnetic 
ratio, 40% of the 'H nucleus, the lack of multiplicity (one 
31 P nucleus per resonance as opposed to three 'H nuclei for 
methyl groups), and the relatively low brain concentrations 
<4mmol/l, the available SNR in the 31 P spectrum is limited. 
Additionally both heteronuclear 'H-J'P and homonuclear 
3ip_3ip j-coupling act to broaden the ATP, PME, and PDE 
resonances, further reducing resonance intensity. Therefore 
the primary challenges for 31 P spectroscopy in the brain are to 
achieve adequate SNR in localized spectra and to compensate 
for the effects of tissue heterogeneity. 



Localization of 31 P Spectra 

Unlike 'H resonances, the T2s of many 3I P species are 
relatively short (<50 ms) and the homonuclear coupling con- 
stants are large (=15 Hz). Together these factors limit the use 
of single-shot localization methods, such as STEAM and 
PRESS, that use relatively lengthy echo periods. Therefore 
initial single-voxel 31 P studies of human brain used an 



alternate method, image-selected in-vivo spectroscopy, 
ISIS, which is based on an addition/subtraction scheme 
combined with spatially selective inversion pulses (32). 
Because of the low SNR of the 31 P spectrum and the result- 
ant necessity for prolonged acquisition periods to achieve 
adequate SNR, spectroscopic imaging approaches are also 
widely used in the acquisition of 31 P data (33, 34). 



Single-voxel Localization: ISIS 

The ISIS sequence provides one-, two- and three- 
dimensional localized volumes by concatenating spatially 
selective inversion pulses applied in orthogonal directions. 
For example, a ID ISIS sequence is depicted in Figure 13.9. In 
this method, the slice of interest is inverted on alternate scans 
prior to excitation and acquisition. For the two scans, the slice 
of interest contributes spectra that are opposite in phase, while 
the nonselected region retains the same phase. Subtraction of 
the two spectra results in cancellation of data from outside 
the selected slice (Fig. 13.9A). Extension of this method to 
two dimensions results in a requirement of four scans 
(Fig. 13.9B). The rectangle selected is then defined by the 
four possible combinations of the two spatially selective 
inversion pulses. To attain full 3D localization a minimum 
of eight scans are required consisting of all possible com- 
binations (on/off) for application of the three spatially selective 
inversion pulses (Fig. 13.9C). Figure 13.9D shows an example 
of a 3D localized 3I P spectrum from the human brain at 1.5 T. 

Because of the low gyromagnetic ratio of the 3I P nucleus, 
the strength of the RF field is substantially (2.5 times) 
weaker than that of the 'H nucleus for similar peak powers. 
This results in a 2.5-fold reduction in maximum bandwidth 
for spatially selective pulses. The reduced bandwidth results 
in the use of proportionately weaker gradients for slice selec- 
tion. Since the gradient strengths (in Hz/mm) are weaker, the 
natural frequency difference between different resonance 
lines (in Hz) now mimics a difference in spatial position. 
This in turn causes signals arising from different resonances 
to originate from different volumes. When this is combined 
with the relatively large bandwidth of the 31 P spectrum, twice 
that of 'Hs, substantial misregistrations occur because of 
these chemical shift displacement errors. Fortunately, spec- 
troscopic imaging methods do not suffer from this type of 
error and are therefore ideal for 31 P spectroscopy. 



Spectroscopic Imaging 

Since spectroscopic imaging methods do not result in 
CSDE errors, they have become the method of choice for 
3, P spectroscopy in the human brain. At 4T and higher, 
nominal volume sizes of 12 ml or smaller are possible with 
volume head coils with acquisition times of less than 1 hour. 
Figure 13.10 shows an example of a 31 P spectrum acquired 
from the human brain using a 3.4 ml nominal voxel. In this 
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FIG. 13.9. The ISIS localization sequences for (A) 1D; (B) 2D; and (C) 3D. The subtraction scheme providing 1D and 2D localization is depicted 
in A and B. D. ISIS localizes spectrum from the human temporal lobe acquired at 1.5T. (With permission from Kuzniecky et al. 1992 (262).) 
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spectrum the resonances of PCr, ATP, Pi, and PDE and 
PME are all well resolved and easily quantifiable. Despite 
the spectral quality, three additional factors can limit the 
interpretability of the 31 P data: 

• the spatial distribution of tissue contributing to the 
acquired voxel 

• natural tissue heterogeneity in the 31 P spectrum 

• the coarseness of the spectroscopic imaging grid. 

Unlike single-voxel acquisition methods, where the spa- 
tial extent of the selected volume resembles a cube with 
steeply inclined sides, spectroscopic imaging voxels can 
have a more extended profile with substantial contributions 
from distant locations in the brain. Specifically, the spatial 
extent of the sampled volume for each voxel is governed by 
its point spread function, which includes effects from both the 
phase encoding scheme used (e.g. rectangular vs spherical) 
and any postacquisition filtering. 

Figure 13.11 shows four examples of different sampling 
and processing schemes. The first scheme (Fig. 13.11 A) 
uses a simple rectangular sampling (256 linearly stepped 
values, 16 in each direction) without any postacquisition fil- 
tering. As can be seen, there are substantial ripples that 
result in both positive and negative signal contributions from 
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FIG. 13.11. The point-spread functions (PSF) for different encoding and postprocessing schemes. A. Rectangular sampling. B. Circular 
sampling. C. Circular sampling and postacquisition apodization with a cosine filter. D. A cosine-weighted acquisition without postacquisition 
apodization. 



different brain regions. In scheme B, the analogous samp- 
ling scheme is used, with the exception that only samples 
within a circle tangential to the edges of the rectangle are 
acquired (193 samples in total). In this case the ripples are 
not as prominent along the major axes but rather appear 
as concentric circles, and the width of the selected volume is 
also increased. 

Scheme C uses the same sampling scheme as B, with the 
exception that postacquisition filtering with a cosine func- 
tion (multiplication with a cosine function) has been applied 
before spatial transformation. As can be seen the ripples 
have been reduced. The reduction in the ripples comes at the 
cost of increased width, and decreased maximum SNR at 
the center of the object. The decreased SNR is reflected by 
the central peak being less than 1.0 on the vertical axis. 
Finally, Figure 13.1 ID displays the analogous acquisition- 
weighted scheme without any postacquisition filtering. In 
this scheme the number of acquisitions for each encoding step 
varies according to a cosine distribution. The result is nearly 
identical to Figure 13.11C but there is no loss in SNR. 



However, it should be noted that the minimum number of 
acquisitions has been increased by a factor of 8 to 1576 
samples. Thus extensive acquisition-based weighting may 
not be possible in 3D localized measurements because of the 
excessive minimum acquisition times required. 



Metabolite Heterogeneity 

Just as 'H metabolite content varies between gray 
and white matter, so does the content of various 3I P meta- 
bolites. Specifically, ATP ranges from 3.41 +0.33 mmol/1 in 
cerebral white matter to 2. 19 ±0.33 in gray matter to 
1.75 ±0.58 mmol/1 in mixed cerebellar volumes (35). Even 
larger differences are seen in skeletal muscle surrounding 
the brain, where ATP content approaches 8.5 ±1.9 mmol/1. 
For PCr the variation between cerebral gray matter, cerebral 
white matter, and mixed cerebellar volumes is substantially 
less (3.53+0.33, 3.33 + 0.33, 3.75 ± 0.66 mmol/1 respec- 
tively). However PCr content in the skeletal muscle is even 
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higher, approaching 25.4 ± 2.3 mmol/1. Thus for arbitrary 
volumes, dramatic differences can be seen on a voxel-by- 
voxel basis as the tissue content changes. 

Figure 13. 12 A, B shows examples of this variation for a 
row spanning both temporal lobes and a rectangle spanning 
the posterior aspect of the hippocampi and cerebellum. As can 
be seen (Fig. 13.1 2A), the ratio of PCr/ATP is highest near the 
skull, arising from skeletal muscle contributions and lowest 
from regions high in white matter content. Similarly, the ATP 
content in the spectra drops dramatically, despite relatively 
constant PCr levels when cerebellar contributions increase. 

To overcome this limitation, the analogous method used 
to compensate for tissue heterogeneity in the 'H spectrum 
can be applied. Specifically, using the calculated 'pure' tis- 
sue values for PCr and ATP from the different tissue types, 
and the tissue content of the voxel (including its point- 
spread function), an expected metabolite concentration can 
be calculated. Figure 13.12C shows plots of the measured 
and predicted PCr and ATP content for the volumes dis- 
played in Figure 13.12A, B. Despite the twofold variation in 



measured content, virtually all the variation is explainable in 
terms of differences in tissue content. Figure 13.12D shows 
an example from a patient with TLE, quantifying the decre- 
ment in PCR/ATP from the ipsilateral lobe in comparison to 
the control value from an equivalent tissue mixture. 



Voxel Positioning 

Although the tissue composition can be corrected for, the 
relatively coarse spatial resolution of the 31 P spectroscopic 
images, and the arbitrary relationship between the location of 
anatomic structures within the brain and the magnet center, 
can present significant difficulties. Specifically, if a volume of 
interest, such as the ipsilateral hippocampus, falls at the inter- 
section of the sampling limits of 8 pixels, its contribution to 
any single pixel will be so small (12.5%) that any metabolic 
alteration present may not be detectable against the back- 
ground of what may be normal tissue. To overcome this prob- 
lem postacquisition voxel-shifting methods are commonly 
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FIG. 13.12. 31 P spectra acquired from a row spanning the hippocampi bilaterally and a rectangle encompassing both the hippocampus and 
cerebellum. Plots of the expected PCr and ATP content (based on tissue composition) and the measured values for the spectra presented are 
displayed. (With permission from Hetherington et al. 2001 (35).) 
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FIG. 13.13. Spectra acquired from the amygdala, pes, and hippocampal body from a patient with temporal lobe epilepsy. The locations of the 
spectra are displayed in the images. The PCr/ATP ratio is decreased more substantially in the ipsilateral lobe in comparison to the contralateral 
lobe and anteriorly. 



employed. In this method, the central coordinates of specific 
regions to be analyzed are identified on anatomic images. 
These coordinates are then used to shift the spectroscopic 
imaging voxels so that they are centered over the region of 
interest. If the data is collected as a 3D set, the resulting spec- 
troscopic imaging voxels can be placed with an accuracy lim- 
ited only by the resolution in the anatomic images (typically 
1.5 mm or less). Although the spectroscopic imaging voxel's 
point-spread function is not altered, the voxel is guaranteed to 
maximally contain the region of interest. 

Figure 13.13 shows an example of this method. Spectra 
spanning the hippocampal formations of a patient with 
TLE have been reconstructed from the amygdala, pes, and 
hippocampus. As can be seen, there is greater energetic 
impairment (decreased PCr/ATP) in the ipsilateral lobe as 
compared to the contralateral lobe and greater impairment 
bilaterally from more anterior locations. 



»C SPECTROSCOPY 
Information Content 



Like 31 P spectroscopy, 13 C spectroscopy suffers from low 
sensitivity (gyromagnetic ratio one-quarter of 'H) and low 



multiplicity (one nucleus per resonance group). However, 
unlike 'H and 31 P spectroscopy, the 13 C nucleus is only 1.1% 
naturally abundant, making detection of in-vivo levels of 
major metabolites in the absence of external enrichment 
especially difficult. Typically large volumes (MOO ml) with 
acquisition times of 30 minutes or more are employed. 

Despite this limitation, the 1.1% natural abundance enables 
dynamic metabolic rate studies to be performed. For brain, after 
administration of ,3 C-labeled glucose, the glucose label enters 
the carbon backbones of major metabolites, including gluta- 
mate, glutamine, GABA, aspartate, and lactate. When specifi- 
cally labeled substrates are used (CI -labeled vs C2-labeled 
glucose), the pattern of labeling gives crucial information 
regarding the relative ratio of different pathways. Most recently, 
alternative sources of l3 C label such as acetate and BHB, which 
are favored by glial and neuronal cells respectively, have been 
used to provide cell-specific turnover information. Using this 
methodology, the rates of glutamate-glutamine cycling 
between neurons and astrocytes have been measured. Thus, 
despite the limitations of SNR, 13 C spectroscopy provides 
unique information not available by other means. 

To overcome these limitations a variety of specialized 
pulse sequences have been developed to enhance the sensitiv- 
ity of the measurements. The first method, polarization trans- 
fer (36) transfers magnetization from the !H nuclei to their 
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covalently bound 13 C partners, using their J-coupling 
properties. Once transferred, the magnetization is then 
detectable as increased signal in the 13 C spectrum. The 
second method, heteronuclear editing or proton observe 
carbon edit (POCE) (37), uses the !H- 13 C coupling to selec- 
tively observe only those 'H signals bound to 13 C nuclei in 
the 'H spectrum. 



Polarization Transfer Methods 

As described, polarization transfer methods move mag- 
netization from 'H nuclei to their respective J-coupled 13 C 
nuclei. Since the l H magnetization is a factor of 4 greater 
than that of the 13 C nucleus, the typical increase in 13 C signal 



can be as high as a factor of 4. Despite this increase, the 13 C 
magnetization is still detected with the intrinsic sensitivity 
of I3 C, so that the method is inherently less sensitive than 
directly detecting the ! H signal. Thus brain studies to date 
acquired from the occipital lobe have typically used surface 
coils and 70-140 ml volumes (36, 38). 

Since the 13 C spectrum is much broader than the *H spec- 
trum, 200 ppm versus lOppm, many resonances that are 
poorly resolved in the 'H spectrum, e.g. the C3 and C4 res- 
onances of glutamate and glutamine, are well resolved. This 
advantage makes the method ideal for measurements of neu- 
rotransmitter cycling rate, when labeling in the C-3 and C-4 
positions of glutamate and glutamine must be resolved. 
Figure 13.14 shows a polarization transfer sequence and 
representative data from a human brain. 
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FIG. 13.14. The polarization transfer sequence and 13 C data from the human brain acquired at 2.1 T following an infusion of 13 C-labeled beta- 
hydroxy butyrate (BHB). The labeled resonances are aspartate (asp), BHB, creatine (ere), glutamate (glu), glutamine (gin), and A/-acetyl aspar- 
tate (NAA). (With permission from Pan et al. 2002 (71).) 
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Proton Observe Carbon Edit 

Unlike the polarization transfer methods, POCE excites 
and acquires 'H signals. Similar to the homonuclear editing 
methods used for measuring GABA, lactate, and BHB, the 
POCE method utilizes the 'H- 13 C heteronuclear J-coupling 
to selectively resolve only those >H nuclei bonded to 13 C 
nuclei. In this case, the editing is performed using alternate 
applications of a 13 C inversion pulse applied with T B = V 2 J 
or 3.8 ms. Similar to the polarization transfer method, 
decoupling during the acquisition, in this case 13 C decoup- 
ling, is required to maximize sensitivity. Because of the 
stringent timing requirements and relatively short echo 
times required, volume localization is typically achieved 
using one or two dimensions of ISIS, in combination with 
slice selective refocusing or excitation (Fig. 13.15). 

Although the spectral resolution of the POCE sequence is 
limited by the intrinsic characteristics of the 'H spectrum, and 
therefore worse than that achievable with polarization transfer, 
the enhanced sensitivity allows for much smaller volumes, 
6 ml for surface coils and 20 ml for volume coils, with more 
rapid sampling rates (4—5 min acquisitions). In measurements 
of the TC A cycle rate, the rapid detection of the labeling of the 
C-4 resonance of glutamate is the most critical factor. As such, 
POCE methods provide better performance for TCA cycle 
turnover measurements (smaller volumes, shorter acquisition 
periods) in comparison to polarization transfer. 

As in ] H and 3I P spectroscopy, tissue heterogeneity can 
have significant effects on the calculated rates. Specifically, the 
absolute rate calculated, Vtca> is directly proportional to the 
amount of glutamate in the volume. Further, significant differ- 
ences between gray and white matter TCA cycle rates (white 
matter is a factor of 3—4 slower) distorts the shape of turnover 
curves, resulting in large errors in rate constants (up to 30%) 
when the tissue content is not factored in (39). Thus, careful 
attention to the tissue composition of the volumes being meas- 
ured is critical to the biologic interpretation of the data. 
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FIG. 13.15. From a 6 ml volume in the human brain at 4T. The 
in-vivo data was acquired (left) prior to (before label incorporation 
into glutamate) and (right) after infusion of 13 C glucose (high level of 
,3 C incorporation into glutamate). (With permission from Pan et al. 
2000 (39).) 
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GLUTAMATE METABOLISM 

In the normal adult brain, the glutamate concentration of 
gray matter primarily reflects the glutamate concentration in 
glutamatergic neurons, the glutamate content of which is far 
greater than that of nonglutamatergic neurons or glia (40). 
Neuronal glutamate is lost during glutamate transmitter 
release and is taken up by glia, where it is recycled by 
glutamine synthetase (GS) (41). With increased excitatory 
activity, the rate of neuronal glutamate loss would be 
greater. Glutamate lost from the neuron is replaced through 
phosphate-activated glutaminase (PAG) acting upon glu- 
tamine synthesized in the glia (42, 43). 

The glutamate-glutamine cycle is the main pathway of 
astroglial glutamate uptake and may be measured by MRS. 
Astroglia replace neuronal glutamate through the glutamate- 
glutamine cycle, supplemented in certain situations by the 
glial release of TCA cycle intermediates, including alpha- 
ketoglutarate (2-oxoglutarate), citrate, and succinate. Neurons 
lack the enzymes required for de novo synthesis of glutamate 
and therefore depend on astroglia to provide substrates for the 
synthesis of glutamate lost during neurotransmission (44). The 
complete pathway is called the glutamate-glutamine cycle. 

Although the pathways of astroglial glutamate uptake 
and cycling were well established from cellular studies, their 
physiologic importance was controversial prior to recent in- 
vivo studies using MRS (45). Because the neurotransmitter 
glutamate is packaged in vesicles (46, 47), the concept arose 
of a small, nonmetabolic 'transmitter' pool, which did 
not interact with the large 'metabolic' glutamate pool. The 
initial studies that brought this concept into question were, 



it was found, using carbon MRS ([ 13 C]-MRS), a high rate of 
glutamine labeling from l- I3 C-glucose (36) in the human 
occipital parietal lobe. To test whether this rapid labeling 
was due to the glutamate-glutamine cycle, a series of MRS 
studies in healthy rat models were undertaken to determine 
whether glutamine was synthesized primarily from the glu- 
tamate-glutamine cycle or from ammonia detoxification, as 
was previously believed (48). Labeling from ammonia 
detoxification, which involves net anaplerosis, was meas- 
ured using 2 - 13 C glucose and 15 N ammonia as label precur- 
sors, both of which require anaplerosis to label glutamine at 
specific carbon positions (49, 50). 

Magnetic resonance spectroscopy studies in the rat cerebral 
cortex have shown that the rate of the glutamate-glutamine 
cycle is coupled in a close to 1:1 ratio to neuronal (primarily 
glutamatergic) glucose oxidation above the rate measured 
with an isoelectric electroencephalogram (EEG) (51). There is 
a highly significant association between electrical activity 
measured using EEG, the rate of glucose consumption, the 
TCA cycle (oxygen consumption), and glutamate-glutamine 
cycling (Fig. 13. 16). Changes in rate of glutamate turnover and 
thus the glutamate-glutamine cycle are proportional to EEG 
power and changes in the neuronal spiking frequency (52-54). 
Measuring the rate of glutamate-glutamine cycle reflects the 
rate of glutamatergic neurotransmission through a wide range 
of conditions from pentobarbital coma with an isoelectric EEG 
through sensory stimulation with evoked potentials. 

The rate of metabolism of the TCA cycle and the glutamate- 
glutamine cycle varies with the species studied. Basal rates 
of glucose uptake, glycolysis, TCA cycle (oxygen consump- 
tion), and the glutamate-glutamine cycle are twofold faster 
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FIG. 13.16. The rate of the glutamate-glutamine cycle di 
troencephalography. Brain glutamate content also decre, 
(From data in Sibson et al. 1998 (51).) 



;es in proportion to the decrease in neural activity as measured using scalp elec- 
n parallel to the change in neural activity as the depth of anesthesia increases. 
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FIG. 13.17. The glutamate-glutamine cycle rate changes in propor- 
tion to the rate of the tricarboxylic acid (TCA) cycle under a variety 
of levels of brain activity, e.g. depth of anesthesia. Data derived from 
Sibson et al. 1998 (51), Hyder et al. 2001 (52), Shen et al. 1999 (55), 
and Kanamatsu STsukada 1999 (56). 



in rats than in humans (Fig. 13.17). Using the glutamate- 
glutamine cycle/TCA cycle ratio compensates for the nearly 
twofold difference in cerebral metabolic rates. The ratio is 
similar in both rat (0.49, SE 0.05) and human brain (0.46, SE 
0.04) (55, 56). Although the glutamate-glutamine cycle/TCA 
cycle ratio is clearly decreased by surgical-grade anesthesia 
with chloralose, the effects are minor compared with the 
major decrease seen during pentobarbital coma with an 
isoelectric EEG. Intracellular glutamate concentrations of 
the rat forebrain also decrease in parallel with the decrease in 
electrical activity. Glutamatergic neurotransmission and 
cellular glutamate content appear to decrease in parallel. 

In many animal models of epilepsy, extracellular and 
intracellular glutamate concentrations increase markedly 
with the onset of seizures (57, 58). Intracellular glutamate 
content is increased interictally in the epileptogenic zone. 
Basal extracellular glutamate concentrations, measured by 
microdialysis or supraperfusion of the pial cortex, also are 
increased interictally. 



GLUTAMATE-GLUTAMINE CYCLE 

The components of the glutamate-glutamine cycle 
(Fig. 13.18) include the following steps. 

1 . Vesicular or nonvesicular release of glutamate takes place 
from the glutamatergic neuron into the synaptic 
cleft/extracellular space. 

2. Astroglial uptake of glutamate plays a key role in 
maintaining the low extracellular levels needed for proper 
receptor-mediated functions. Studies of glutamatergic 
synapses have shown them to be closely surrounded by 
glial end processes possessing high densities of glutamate 
transporters. Glutamate transporters are sodium-dependent 




glucose 



FIG. 13.18. The glutamate-glutamine cycle and the anaplerotic 
pathway used by the brain for the de-novo synthesis of glutamate 
from glucose. AST, aspartate transaminase; GDH, glutamate dehy- 
drogenase; GLAST, glutamate aspartate transporter; GS, glutamine 
synthetase; PAG, phosphate activate glutaminase; PC, pyruvate car- 
boxylase; SAT1, system-A transporter; SN1, system-N transporter. 



and electrogenic and have an affinity, Km, of 1-3 umol/1, 
which is in the range of normal estimated extracellular 
glutamate concentration (59, 60). Reuptake of glutamate 
from the extracellular space is accomplished primarily by 
glia using the sodium-dependent, electrogenic glutamate 
transporters EAAT1 (GLAST) and EAAT2 (GLT-1) (41). 
Under normal conditions, GLAST and GLT- 1 are located 
on astrocytic membranes and terminate excitatory 
neurotransmission by first binding glutamate (buffering) 
then transporting glutamate into the astrocytic cytosol 
in an energy (ATP)-consuming step. The physiologic 
importance of astroglial glutamate transport was 
demonstrated in studies in which antisense 
oligonucleotides directed against the astrocytic 
glutamate and aspartate transporters GLT1 or GLAST 
in vivo resulted in elevated extracellular glutamate in vivo 
and excitotoxicity (61). The large majority of cortical 
glutamate uptake after release is astroglial and tightly 
coupled to the glial sodium-potassium ATPase and 
therefore glial energy metabolism. Under severely 
depolarizing conditions of elevated extracellular 
potassium and glutamate, which can occur during a 
seizure, glutamate transporters reverse catastrophically 
releasing glutamate and aspartate (62). 
. Rising glial cytosolic glutamate stimulates GS, which 
consumes one glutamate, one ATP (complexed with 
magnesium), and one ammonia (NH 3 ) molecule to 
synthesize one glutamine, one ADP, one Pi, one free 
magnesium and releases acid, lowering cytosolic pH (63). 
In the brain, GS is an enzyme of primary neurochemical 
importance, since it converts neurotoxic ammonia and the 
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neurotransmitter glutamate into glutamine. Nonbrain GS 
responds to end-product (glutamine and its derivatives) 
feedback inhibition, whereas brain GS does not. 

4. Glial release of glutamine is tightly controlled (64-66). 
The system-N (SN1) transporter is coupled to the 
hydrogen and sodium ion gradients and thus tightly 
coupled to the sodium-potassium ATPase, which 
consumes ATP and generates Pi, hydrogen ion, ADP, 
and free magnesium under physiologic conditions. 
Intracellular acidification promotes the uptake of 
glutamine and down the sodium gradient into the cell 
and releases hydrogen ion into the extracellular fluid. 
Glial alkalosis (pH =7.4) slows the release of glutamine. 
When the SN1 transporter is blocked, intracellular pH 
drops toward 6.5. Because of its electroneutral character, 
glutamine transport readily reverses under physiologic 
conditions and during a seizure. The SN1 transporter 
system is primarily localized to glia near synaptic terminals. 

5. Conversely, the system-A transporter (SAT1 and SAT2) 
is expressed almost exclusively by neurons rather than 
glia (66). It exhibits particularly high levels of expression 
by inhibitory neurons with the location of SAT1 at the 
nerve terminal. SAT1 and SAT2 proteins all mediate 
electrogenic transport due to the uptake of sodium ion 
and neutral amino acid, i.e. glutamine, unopposed 
although modulated by hydrogen ion. Because it is 
electrogenic, SAT1 is more resistant to reversal under 
physiologic conditions, but can fail with collapse of the 
sodium gradient and intracellular acidosis; the changes 
that occur during a seizure. 

6. Glutamine is converted to glutamate and ammonia by 
PAG (67-69). This enzyme is usually bound to the 
mitochondrial membrane (inner or outer) and can 
translocate from one to the other surface. PAG bound to 
the inner mitochondrial membrane appears to be largely 
inactive. PAG activity is activated by Pi and, therefore, 
is intimately coupled to energy-state and cytosolic pH. 
Fatty acids, valproate, NMDA receptor antagonists, and 
free calcium stimulate PAG activity. The primary inhibitors 
of PAG include glutamate, ammonia, and hydrogen ions. 
Other potent inhibitors of PAG activity include NAA, 
leucine, homocysteine, histidine, glycine, and taurine. 

7. Cytosolic glutamate is repackaged into vesicles by a 
specific energy-dependent vesicular glutamate transporter 
(VGLUT1) (41). Vesicular uptake of glutamate is driven 
by membrane potential and the hydrogen ion gradient. 
VGLUT1 appears to be a vesicular membrane-bound 
ATPase that pumps hydrogen ions and glutamate into 
the vesicle. It also appears to be a Pi transporter. 



Magnetic Resonance Spectroscopy Methods used to 
Measure the Glutamate-Glutamine Cycle 



Several strategies were developed to measure glutamate- 
glutamine cycling and the TCA cycle using glucose, acetate, 
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FIG. 13.19. The primary route of glucose metabolism in brain. 
Acetyl-CoA, acetyl coenzyme A; ALT, alanine transaminase; AST, 
aspartate transaminase; CMR, cerebral metabolic rate; GABA-T, 
GABA transaminase; GDH, glutamate dehydrogenase; a-KG, alpha- 
ketoglutarate; LDH; lactate dehydrogenase; OAA, oxaloacetic acid; 
PDH, pyruvate dehydrogenase; SSADH, succinic semi-aldehyde 
dehydrogenase. 



and BHB labeled with 13 C, a nonradioactive isotope of carbon 
and in-vivo MRS (38, 50, 70, 71). Dynamic measurements 
of the rate of incorporation of 13 C into brain glutamate and 
glutamine may be used to measure the rate of glucose uptake, 
glycolysis, the TCA cycle, glycogen, and the synthesis of 
glutamate, glutamine, and aspartate (Fig. 13.19). Several 
enzymes catalyze the fast chemical exchange between alpha- 
ketoglutarate and glutamate, including aspartate trans- 
aminase, alanine transaminase, glutamate dehydrogenase, 
and GABA transaminase (GABA-T). 



Measuring the Glutamate-Glutamine Cycle at 
Steady-state using 2- l3 C Glucose 

Several strategies were developed for determining the ratio 
of the glutamate-glutamine cycle to TCA cycle from steady 
state 13 C-labeling patterns of glutamate and glutamine at 
steady-state. One strategy takes advantage of the label from 
2- 13 C-glucose being incorporated into the internal positions 
of glutamate and glutamine only through the glia (50, 72). 
Label from 2- 13 C-glucose, which enters the TCA cycle 
through pyruvate dehydrogenase, is incorporated into (5-13) 
C-glutamate and l- l3 C-glutamate. It does not label the internal 
positions of glutamate or glutamine. In contrast, 13 C-label 
entering the TCA cycle from the anaplerotic pathway 
through pyruvate carboxylase will label glial glutamine C2 
and C3 initially because both pyruvate carboxylase and GS 
are found exclusively in glia. Subsequently, labeled glutamine 
will be taken up by the neurons to replenish released 
glutamate by the glutamate-glutamine cycle. The labeling 
in neuronal C3-glutamate is diluted relative to the precursor 
C3 glutamine as a result of unlabeled carbons entering 
through the neuronal TCA cycle ( V un i abe ied)- From the ratio of 
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C3-glutamine to C3-glutamate labeling at isotopic steady 
state, the ratio of the rate of glutamate-glutamine cycle to 
TCA cycle (V cycle /V TCA ) may be calculated. Because steady- 
state labeling analysis is used, the results are to a first order 
independent of whether label exchange between the mito- 
chondrial and cytosolic glutamate pools is rapid relative to 
the TCA cycle, in contrast to the analysis of 13 C time course 
data (dynamic measurements). The main assumptions in the 
analysis of labeling results are that pyruvate carboxylase is 
localized to the astrocyte and that the majority of glutamate 
is in the neuron. 



Measuring the Glutamate-Glutamine using 2- 13 C Acetate 

Acetate is an ideal tracer for studying glial metabolism 
and neurotransmitter cycling (Fig. 13.20). A complication 
for studying neuronal/glial neurotransmitter cycles in vivo is 
that most isotope-labeled precursors will be incorporated by 
both cell types. This limitation is overcome by 13 C-labeled 
acetate, which is almost exclusively metabolized in glia, as 
has been validated by in-vivo studies in animals and humans 
(70, 73, 74). 

Recently, 2- 13 C-acetate was used to selectively measure the 
contribution of astroglial oxidative metabolism to total sub- 
strate oxidation and the rate of total neuronal-glial glutamate 
cycling in human brain by 13 C MRS (70, 73). The strategy is 
similar to the use of 2- 13 C-glucose in that the stable-isotope 
tracer enters the glutamate-glutamine cycle through glia. The 
glial specificity of 2- 13 C-glucose requires that pyruvate car- 
boxylase is expressed almost exclusively in glia. The glial 
specificity of 2- 13 C-acetate requires that the glial monocar- 
boxylic acid transporter is highly selective for acetate com- 
pared to the neuronal one, which prefers lactate (75, 76). 

Dynamic and steady-state in-vivo C13-MRS measure- 
ments of the glutamate-glutamine cycle/TCA cycle ratio 
made concurrently in the occipital lobe of healthy humans 



are identical. Both values are in good agreement with those 
made using l- 13 C-glucose in the same group of subjects on 
a separate experimental day. This strategy has been used in 
13 C-MRS studies of a rat model of TLE, 1 and 14 days after 
kainic acid injection (77). 

Extensive studies in animals have shown that changes in 
glutamate release and metabolism may play an important 
role in the origin and spread of seizure activity. Glutamate 
metabolism is coupled closely to mitochondrial respiration 
and ATP synthesis. Glia efficiently remove glutamate 
released by neurons and help to terminate the action of 
released glutamate. In-vitro and in-vivo studies indicate that 
a major portion of glutamate transported into glia is con- 
verted to glutamine (neutral metabolite) and returned to neu- 
rons for the resynthesis of glutamate. Disturbances of the 
glutamate-glutamine cycle, reflected by increased intracel- 
lular glutamate levels and impaired glutamate clearance, 
could be an important metabolic change associated with 
epileptogenesis. 

Intracellular glutamate concentrations are elevated in the 
epileptogenic human hippocampus (78). Compared with 
autopsy samples, mean hippocampal intracellular glutamate 
is elevated in mesial TLE patients with normal-appearing 
hippocampi on the presurgical, clinical MRI and minimal 
neuron loss by histopathologic examination. Mean cellular 
glutamate levels of the epileptogenic hippocampus with 
pathologically verified hippocampal sclerosis fall within the 
normal range (autopsy-based). 

The elevation is even more striking when cellular gluta- 
mate levels are corrected for neuron loss. Above-normal glu- 
tamate levels are present in almost half the hippocampi with 
the greatest neuron loss. Intracellular glutamate concentra- 
tions must be exceedingly high in the remaining glutamatergic 
neurons, or above-normal, intracellular, glutamate concen- 
trations must be present in the remaining nonglutamatergic 
neurons or glia. Cellular glutamate decreases in proportion 
to neuronal loss or simplification (loss of neuronal volume 
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FIG. 13.20. A. 2- 13 C-acetate metabolism in human brain. AcCoA, acetyl coenzyme A; a-KG, alpha-ketoglutarate; Cit, citrate; GN4, 
4 - 13 C-glutamaine; GT4, 2- 13 C-glutamate; OAA, oxaloacetic acid. B. The ratio of the glutamate-glutamine cycle to TCA cycle rates, measured 
using serial spectra, are the same as those measured in single spectrum, collected after steady-state is achieved. Serial spectra collected 
during the dynamic phase of the experiment and the steady-state spectrum at the end are obtained from the same volunteer. From data 
published by Lebon et al. 2002 (70). 
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through shrinkage of dendrite, synapses, and other processes). 
The neuron loss, particularly of large glutamatergic neurons, 
and glial proliferation should decrease glutamate concentra- 
tions in the sclerotic hippocampus. The findings suggest that 
there appears to be a relative increase in cellular glutamate 
content in the epileptogenic human hippocampus. Whether 
this increase in glutamate is localized in the remaining 
neurons or proliferating glia remains to be determined. 
There are no significant associations seen between tissue 
glutamate concentrations and neuron loss or glial density. 

The findings raise two possibilities. Either the remaining 
neurons, mainly 'GABAergic', have extremely high intracel- 
lular glutamate content, or a subpopulation of glial cells must 
have high glutamate content. Cell culture studies suggest that 
glial precursor cells have high intracellular glutamate content 
(79, 80). Above-normal intracellular glutamate concentra- 
tions could contribute to the above-normal release of gluta- 
mate measured in the epileptogenic human hippocampus 
during spontaneous seizures. The high glutamate content 
would be expected to contribute to the epileptic state by 
increasing network excitability and promoting excitotoxicity. 



Measuring the Glutamate-Glutamine Cycle in the 
Epileptic Human Hippocampus 

The glutamate-glutamine cycle/TCA cycle ratio 
(Fig. 13.21) is severely compromised in almost all patients 
with hippocampal sclerosis (72). Using glutamate-glutamine 
cycle/TCA cycle ratios automatically corrects for the 
decreased glucose and TCA cycle (oxygen) metabolism that 
characterizes the epileptogenic hippocampus during the 
interictal state. Paradoxically, widespread hypometabolism 
centered on the epileptogenic region appears to characterize 
the interictal state in =80% of patients with mesial TLE (81). 
The decrease in glucose uptake has been attributed to 
hippocampal neuron loss and the widespread involvement 
to diaschisis. 




sclerosis NO lesion 

hippocampal pathology 

FIG. 13.21. The ratio of the glutamate-glutamine cycle rate normal- 
ized to the tricarboxylic acid cycle rate is very low in hippocampal 
sclerosis. (From data in Petroff et al. 2002 (82).) 



Overall, there is only a weak association between brain 
volume and cerebral metabolism measured using positron 
emission tomography (PET) with about 13% of the variance 
attributable to atrophy (82). This relationship breaks down 
even further in the epileptogenic regions, suggesting that 
the hypometabolism is not mainly due to neuron loss. 
Quantitative pathologic studies show that hippocampal neu- 
ron loss does not account for the severity of the hypometa- 
bolism. Hypometabolism measured using fluorodeoxyglucose 
(FDG-PET) improves after successful surgery, which sug- 
gests that the epileptic state rather than neuron loss is the 
dominant factor (83). 

Unexpectedly, normal glutamate-glutamine cycle/TCA 
cycle ratios are seen in patients with mesial TLE and nor- 
mal-appearing hippocampi on the presurgical, clinical MRI 
and minimal neuron loss by histopathologic examination 
(see Fig. 13.21). This suggests that interictal, glutamatergic 
neurotransmission remains in the normal range for patients 
with normal-appearing hippocampi by MRI, despite the 
elevated intracellular glutamate. 

No associations with antiepileptic drugs in use at the time 
of surgery, duration of the epilepsy, gender, or age were seen 
that did not reflect the pathology. There were no significant 
associations between glutamate-glutamine cycle/TCA cycle 
ratio and hippocampal glutamate or glutamine content seen 
that did not reflect the pathology. Measurements of the 
glutamate-glutamine cycle/neuronal TCA cycle ratio in the 
normal human hippocampus are not available. The closest 
comparisons to these results are recent measurements using 
in- vivo 13 C-MRS in the human occipital-parietal lobe and 
the awake and lightly anesthetized rat forebrain (84, 85). 
Under low light, unstimulated conditions, values range 
between 0.4 and 0.5. 

The relative rate of the glutamate-glutamine cycle to 
glutamate synthesis is decreased in epileptic hippocampi 
that show sclerosis. The association with histopathology is 
striking. Neuron-glia cycling is not low in all epileptic hip- 
pocampi; it is lowest in those with significant loss of neu- 
rons and glial proliferation. Because this ratio is calculated 
from the relative labeling of the glutamate (primarily neu- 
ronal) and glutamine (synthesized in glia) pools, as opposed to 
absolute flux rates, the low glutamate-glutamine cycle/ 
neuronal TCA cycle ratio is not simply due to reduced cel- 
lular density or generalized hypometabolism. If the remain- 
ing neurons and glia were functioning normally the ratio of 
the glutamate-glutamine cycle to the neuronal TCA cycle 
would be independent of neuronal loss. 



Glutamate Concentrations in Epilepsy 

Extensive studies in animals have shown that changes in 
glutamate release and metabolism may play an important 
role in the origin and spread of seizure activity. Glutamate 
metabolism is coupled closely to mitochondrial respiration 
and ATP synthesis. Glia efficiently remove glutamate released 
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by neurons and help to terminate the action of released glu- 
tamate. In-vitro and in-vivo studies indicate that a major 
portion of the glutamate transported into glia is converted to 
glutamine (neutral metabolite) and returned to neurons for 
the resynthesis of glutamate. Disturbances of the glutamate- 
glutamine cycle, reflected by increased intracellular glutamate 
levels and impaired glutamate clearance, could be an important 
metabolic change associated with epileptogenesis. 

In many animal models of epilepsy, extracellular and 
intracellular glutamate concentrations increase markedly 
with the onset of seizures (72, 86, 87). Intracellular gluta- 
mate content is increased interictally in the epileptogenic 
zone. Basal extracellular glutamate concentrations, meas- 
ured by microdialysis or supraperfusion of the pial cortex, 
also are increased interictally. 



Intracellular Glutamate in the Epileptogenic Human 
Hippocampus 

Intracellular glutamate concentrations are elevated in 
the epileptogenic human hippocampus (Fig. 13.22) (88). 
Compared with the autopsy series mean, mean hippocampal 
intracellular glutamate is elevated in mesial TLE patients 
with normal-appearing hippocampi on the presurgical, clin- 
ical MRI and minimal neuron loss by histopathologic exam- 
ination. Mean cellular glutamate levels of the epileptogenic 
hippocampus with pathologically verified hippocampal 
sclerosis fall within the normal range (autopsy-based). 

The elevation is even more striking when cellular glu- 
tamate levels are corrected for neuron loss. Above-normal glu- 
tamate levels are present in almost half the hippocampi with 
the greatest neuron loss. Intracellular glutamate concentra- 
tions must be exceedingly high in the remaining glutamatergic 
neurons or above-normal, intracellular, glutamate concen- 
trations must be present in the remaining nonglutamatergic 
neurons or glia. Cellular glutamate decreases in proportion 
to neuronal loss or simplification (loss of neuronal volume 



through shrinkage of dendrite, synapses, and other processes). 
The neuron loss, particularly of large glutamatergic neurons, 
and glial proliferation should decrease glutamate concentra- 
tions in the sclerotic hippocampus. The findings suggest that 
there appears to be a relative increase in cellular glutamate 
content in the epileptogenic human hippocampus. Whether 
this increase glutamate is localized in the remaining neurons 
or proliferating glia remains to be determined. There are no 
significant associations seen between tissue glutamate con- 
centrations and neuron loss or glial density. The findings 
raise two possibilities. Either the remaining neurons, mainly 
'GABAergic', have extremely high intracellular glutamate 
content or a subpopulation of glial cells must have high glu- 
tamate content. Cell culture studies suggest that glial pre- 
cursor cells have high intracellular glutamate content (79, 80). 
Above-normal intracellular glutamate concentrations could 
contribute to the above-normal release of glutamate meas- 
ured in the epileptogenic human hippocampus during spon- 
taneous seizures. The high glutamate content would be 
expected to contribute to the epileptic state by increasing 
network excitability and promoting excitotoxicity. 



Neocortical Glutamate Content in Human Epilepsies 

Neocortical intracellular glutamate levels are increased in 
the epileptic human brain (Fig. 13.23) (86, 89, 90). Biopsies 
of human temporal lobe cortex ipsilateral to the epilep- 
togenic hippocampus show that glutamate is elevated by 
2.3|xmol/g in spiking cortex compared with adjacent non- 
spiking cortex. 



Cellular Glutamate Content and Antiepileptic Drugs 



Magnetic resonance spectroscopy measurements show 
that cellular glutamate levels (Fig. 13.24), measured in 
visual cortex remote from the presumed seizure focus in the 
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FIG. 13.22. Intracellular glutamate content is above normal in the 
epileptogenic hippocampus. The increase becomes marked when 
correct. (From data in Petroff et ai. 2002 (82).) 
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FIG. 13.23. Cortical glutamate content is increased in biopsies < 
patients with epilepsy compared to those without epilepsy. (Froi 
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FIG. 13.24. Occipital lobe glutamate content is above normal in 
patients with refractory, localization-related epilepsy treated with carba- 
mazepine or phenytoin. (From data in Petroff et al. 1 999, 2000 (86, 90).) 



temporal or frontal lobes, are increased in patients with 
refractory complex partial seizures (86, 89, 90). Occipital 
lobe glutamate levels were below normal in 44% of patients 
treated with carbamazepine or phenytoin, 40% on valproate, 
29% on gabapentin, and none on vigabatrin. Mean brain 
glutamate levels were lower on vigabatrin than on carba- 
mazepine or phenytoin. Patients taking phenobarbital or 
primidone appeared to have the lowest levels on cortical glu- 
tamate. Whether a decrease in brain glutamate is associated 
with improved seizure control requires serial measurements 
in a larger sample of patients. 



Cellular Glutamate is Highest Ipsilateral to the 
Epileptogenic Human Hippocampus 

The glutamate plus glutamine levels (GLX) appear to be 
increased in the temporal lobe ipsilateral to the seizure onset 
(Fig. 13.25) (91, 92). The level appears to be even higher 
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FIG. 13.25. The glutamate plus glutamine to total creatine ratio 
(GLX/Cr) is above normal in the mesial temporal lobes of patients 
with temporal lobe epilepsy (TLE) without lesions seen by MRI. The 
GLX/Cr ratio is increased ipsilateral to the seizure focus in TLE. 
(From data in Woermann et al. 1999 (91).) 



ipsilateral to the seizure focus in patient without abnormali- 
ties on MRI (MR-negative). Neurotransmitter glutamate 
release from synaptosomes is drastically reduced if either 
ATP or cytosolic glutamate concentrations are depleted, 
which is consistent with a critical role for cytosolic gluta- 
mate metabolism for maintaining the vesicular pool. As a 
result of the relationship between cytosolic and vesicular 
glutamate concentrations, an increase in cytosolic glutamate 
may enhance both vesicular and nonvesicular glutamate 
release. Serial in-vivo MRS studies measuring the relation- 
ship between cellular glutamate levels and cortical excitab- 
ility have not been reported. The increased neocortical 
glutamate levels ipsilateral to the epileptogenic temporal 
lobe suggest that increased intracellular glutamate content 
could contribute to the hyperexcitability of the epileptic net- 
work, facilitating spread of seizure activity to brain regions 
outside of the ictal onset zone. Spectroscopic imaging of 
brain glutamate should improve our understanding of both 
focal and generalized epilepsies and may become very use- 
ful in mapping epileptic networks (39). 

In MRI-negative patients, the GLX levels appear to be 
increased in the temporal lobe ipsilateral to the seizure onset 
(92, 91). Neurotransmitter glutamate release from synapto- 
somes is drastically reduced if either ATP or cytosolic glu- 
tamate concentrations are depleted, which is consistent with 
a critical role for cytosolic glutamate metabolism for main- 
taining the vesicular pool. As a result of the relationship 
between cytosolic and vesicular glutamate concentrations, 
an increase in cytosolic glutamate may enhance both vesicu- 
lar and nonvesicular glutamate release. Although it is attrac- 
tive to speculate that increased cellular glutamate levels may 
contribute to widespread cortical excitability thus facilitat- 
ing the spread of the seizure from the epileptogenic zone to 
become generalized, serial in-vivo MRS studies measuring 
the relationship between cellular glutamate levels and corti- 
cal excitability have not been reported. Spectroscopic imag- 
ing of brain glutamate should improve our understanding of 
both focal and generalized epilepsies (29). 



GAMMA-AMINO BUTYRIC ACID METABOLISM 

Gamma-amino butyric acid has had a central role in neural 
control theory since it was first discovered in 1950 (93). It is 
the major inhibitory neurotransmitter in human cortex. GABA 
serves as the primary inhibitory neurotransmitter at 20-44% 
of cortical neurons (94). MRS has been in clinical use for a 
number of years and permits serial, noninvasive measure- 
ments of certain cerebral metabolites without discomfort or 
known hazards. Continuing MRS development has resulted 
in techniques for the measurement of intracellular GABA 
and its major metabolites noninvasively, and safely in the 
brain of healthy human subjects (17, 95-98). Recently, MR 
methods to image GABA have been developed (55). 

Several lines of evidence support a major role for GABA 
levels affecting GABA release and by this mechanism having 
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a key role in the regulation of cortical excitability. Studies in 
cell culture and brain slice have shown directly that increas- 
ing cellular GABA levels increases tonic GABA release and 
in response to physiologic activation (99, 100). Primate 
models of photosensitive epilepsy have low GABA levels 
and seizures improve with GABAergic drugs (101, 102). 
Similarly, antiepileptic drugs that increase GABA or enhance 
GABAergic inhibition block the photoparoxysmal response 
in photosensitivity epilepsies (103, 104). Drug-induced 
enhancement of GABAergic inhibition reduces abnormal 
flash-evoked potentials in parallel with an improvement in the 
associated myoclonus (105). 

Myoclonus without loss of consciousness, characteristic 
of juvenile myoclonic epilepsy (JME) and other myoclonic 
epilepsy syndromes, is attributed to a defect in GABAergic 
inhibition (106). Spontaneous and photosensitive seizures 
are seen in alcohol and other drug withdrawal states charac- 
terized by downregulation of the GABA-A receptors or low 
occipital GABA levels (107). MRS -based measurements show 
low GABA levels in the visual cortex of patients, consistent 
with the enhanced cortical excitability observed in JME 
(108). In primates, light deprivation results in decreased 
glutamic acid decarboxylase (GAD) content within several 
days and decreased genetic transcription (GAD mRNA) 
within several weeks (94, 109). Long-term deprivation of 
visual input leads to marked changes in the excitability and 
function of the visual cortex. Recent studies show an associ- 
ation between increasing excitability in the visual cortex 
and decreasing GABA concentrations, induced by 1-2 hours 
of light-deprivation in healthy human subjects (110). 

Two-thirds of patients with refractory, localization-related 
epilepsy treated with traditional antiepileptic drugs have 
below-normal occipital lobe GABA levels (86). Below-normal 
GABA levels in the visual cortex are associated with poor 
seizure control, not with being seizure-free (111). GABAergic 
neurons are decreased in the human epileptogenic neocortex 
associated with TLE, low-grade tumors, and cortical malfor- 
mations (94, 112-114). Loss of GABAergic processes is seen 
in some cases. Circulating autoantibodies against GAD occur 
in some patients with refractory epilepsy (115). Below-normal 
cellular GABA levels in the visual cortex contribute to 
enhanced cortical excitability and therefore to the potential for 
seizures. What is unknown is whether the low cellular GABA 
is caused by frequent seizures or is an epiphenomenon. 

Some studies have shown that patients with epileptiform 
abnormalities on interictal EEG recorded shortly after a 
seizure are more likely to have another seizure within 
2 years than those with normal EEGs (116). These interictal 
epileptiform abnormalities probably reflect increased cor- 
tical excitability and serve as a biomarker of epileptogenicity. 
Similarly, localization of the site of termination of seizures 
of focal origin to cortical regions other than the onset is 
associated with a poorer surgical prognosis (117). This obser- 
vation raises the possibility of additional abnormal epilepto- 
genic cortical regions with impaired seizure-terminating 
capabilities, i.e. increased cortical excitability. 



The presence of interictal epileptiform discharges extend- 
ing beyond the area of resection correlates with poor surgical 
outcome in patients with extrahippocampal epilepsy (118). 
In contrast, patients with focal interictal epileptiform dis- 
charges included in surgical resection have good surgical 
outcomes. This observation suggests that increased cortical 
excitability outside the epileptogenic region predicts failure 
to become seizure-free after surgery. The observations are 
consistent with the hypothesis that increased cortical 
excitability beyond the epileptogenic region appears to con- 
tribute to continued seizure activity. 

Intracellular GABA plus homocarnosine levels measured 
in the visual cortex, remote from the presumed seizure focus 
in the temporal or frontal lobes, are lowest in those patients 
with epileptiform abnormalities on interictal EEG (111). 
The associations between the interictal EEG and cellular 
GABA plus homocarnosine are similar to the associations 
between the EEG and the likelihood that seizures will recur. 
Low cortical cellular GABA levels could contribute to 
increased cortical excitability, which allows the focal 
seizure to spread and become generalized. Below-normal 
cellular GABA plus homocarnosine, measured by in-vivo 
MRS, could become a useful marker for epileptogenicity. 

Combined with other EEG and other neuroimaging 
methods, MRS-based imaging of GABA, homocarnosine, 
and glutamate may become useful modalities in the evalu- 
ation of patients presenting with possible seizures. 

GABA is formed from the alpha-decarboxylation of glu- 
tamate by GAD and is metabolized to succinate by the 
sequential actions of GABA-T and succinic semi-aldehyde 
dehydrogenase (SSADH). The activity of GAD is believed 
to be primarily responsible for regulating the steady-state 
concentration of GABA in vivo through the pyridoxal-5'- 
phosphate-dependent interconversion of active (holo-GAD) 
and inactive forms (apo-GAD) (93). Apo-GAD accounts for 
at least 50% of total GAD present in the brain. The activation 
of GAD is stimulated by Pi and inhibited by ATP, GABA, 
and aspartate. ATP promotes the formation of apo-GAD and 
stabilizes it. The activation of apo-GAD to holo-GAD by 
pyridoxal phosphate is a two-step process. The reversible 
association of apo-GAD with activated pyridoxine is rapid 
(ATP inhibits binding of apo-GAD with pyridoxal phosphate). 
Pi antagonizes the inhibitory effects of ATP and, through 
allosteric mechanisms, accelerates the formation of holo-GAD 
from the apo-GAD/pyridoxyl-phosphate intermediate. GAD 
is activated by changes in energy state - depolarization, 
acidosis, increased carbon dioxide, low bicarbonate, low 
phosphocreatine, increased magnesium, increased ADP, and 
decreased ATP. 

GAD consists of two major isoforms, GAD65 and GAD67, 
that are the products of two different genes located in 
humans on chromosomes 2 and 10 (119). The two isoforms 
have different distributions and functions (120). GAD65 
appears to comprise the bulk of GAD protein in the brain but 
most of it is in the inactive, apoenzyme, form. This isoform 
is localized primarily in synapses, perhaps associated with 
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vesicles, and usually operates at a small fraction of its max- 
imal catalytic capacity. Because the equilibria under physi- 
ologic conditions strongly favor the apoenzyme form, 
GAD65 activity is very sensitive to changes in energy state 
(Pi, phosphocreatine, pH, magnesium, ADP, ATP) and the 
availability of pyridoxal phosphate (activated vitamin B6). 

GAD65 may control GABAergic function in phasic 
inhibitory neurons (acting as a point-to-point, fast neuro- 
transmitter) by maintaining vesicular GABA concentrations. 
Holo-GAD (active enzyme) levels remain unchanged in mice 
deficient in GAD65, but apo-GAD (inactive) levels are greatly 
reduced. Not unexpectedly, GABA levels are about the same 
in wild-type and homozygous GAD65-deficient mice. Mild 
stress induces spontaneous seizures affecting limbic structures 
in these mice and they are very sensitive to convulsants. 

The GABA concentration of neocortex primarily reflects 
the fractional volume of GABAergic neurons weighted by 
the GABA content of those neurons. Under normal conditions, 
the GABA content of GABAergic neurons (50-100 mmol/1 
in nerve terminals) is far greater than that of non-GABAergic 
neurons or glia (42). GAD67 has a wider distribution in the 
neuronal cytosol, being expressed in cell bodies, axons, den- 
drites, and synapses. The vesicular pool of GABA, thought to 
be synthesized under normal condition primarily by GAD65, 
comprises =30% of the GABA content, whereas GAD67 
appears to synthesize =70% of brain GABA (93). GAD67 has 
a wider distribution in the neuronal cytosol, being expressed 
in cell bodies, axons, dendrites, and synapses. 

In individual neurons, the ratio of GAD65 to GAD67 
mRNA varies with cell type. Higher levels of GAD67 mRNA 
are seen usually in neurons known to be tonically firing. 
GAD67 mRNA is more abundant than GAD65 mRNA in 
most regions of the brain. In the adult primate visual cortex 
18% of neurons express GAD67 mRNA, whereas 13% 
express GAD65 mRNA (121). Most of GAD67 is in the holo- 
GAD form, actively synthesizing GABA. In individual neu- 
rons, the ratio of GAD65 to GAD67 mRNA varies with cell 
type. Experiments with GAD67 'knock-out' mice lend further 
support to the hypothesis that changes in brain GABA con- 
centration are more affected by changes in GAD67 expression 
and activity than by changes in GAD65 (122-124). 

Changes in cytosolic GABA concentrations alter cellular 
physiology in a variety of ways. The distribution of GAD67 
appears to coincide with the distribution of the neuronal 
GABA transporter (GAT1), suggesting that cytosolic GABA 
synthesized by this GAD isoform may have a significant 
paracrine function, perhaps through transporter reversal 
(100, 125). Release of GABA through transporter reversal 
has been demonstrated with physiologic stimuli. Tonic 
release of GABA increases with increasing cytosolic 
GABA, resulting in increased basal extracellular levels. 
Dynamic insertion of GABA transporters into the plasma 
membrane occurs in response to increased extracellular 
GABA. Increased transporter availability interacting with 
higher cytosolic GABA would act in a synergistic fashion to 
magnify GABAergic effects. 



In patients evaluated for epilepsy surgery, microdialysis- 
based GABA measurements show a decrease in the seizure- 
induced release of GABA in the epileptogenic hippocampus, 
where the seizure started, compared to the contralateral one 
(126). The deficiency of GABA release is attributed in part 
to a dysfunction of the GABA transporter system (GAT1) 
(127). Low cytosolic GABA levels could contribute to the 
deficiency of GABA release. In some patients, the epilepto- 
genic hippocampus is gliotic (hippocampal sclerosis); in 
others, patients with mesial TLE histology show no signifi- 
cant gliosis. What is unknown is whether genetic polymor- 
phisms or acquired injuries, e.g. anti-GAD or anti-GATl 
antibodies, contribute to the deficient release of GABA 
through low GABA levels, deficient GAT1 expression, or 
GAT1 dysfunction. 

Both glutamate and glutamine are immediate amino acid 
precursors of GABA. The glial specific enzyme, GS, and the 
neuronal enzymes, PAG and GAD, are important regulatory 
enzymes of GABA homeostasis (93, 128) (Fig. 13.26). In 
the GABA-glutamine cycle, GABA released from cells (by 
either vesicular release or transporter reversal), taken up by 
surrounding glia, converted to glutamine, released by glia, 
taken up by neurons, is converted back to glutamate, which 
serves a substrate for GABA synthesis, thus completing the 
cycle. Only glia contain the enzymes needed to synthesize 
glutamine and new TCA cycle intermediates. 

The GABA-glutamine cycle parallels the glutamate- 
glutamine cycle. GABA, released from neurons by vesicular 
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FIG. 13.26. Schematic of the GABA-glutamine cycle and the 
anaplerotic pathway used by the brain for the de-novo synthesis of 
GABA from glucose. GAD, glutamic acid decarboxylase; GAT1 , neu- 
ronal GABA transporter; GAT3, glial GABA transporter; GS, gluta- 
mine synthetase; PAG, phosphate activate glutaminase; PC, 
pyruvate carboxylase; SAT1, system-A transporter; SN1, system-N 
transporter. 
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or nonvesicular routes, is taken up by glia through the sodium- 
dependent GABA transporter (GAT3). In the mitochondria, it 
is converted by the sequential actions of GABA-T and 
SSADH into succinate, a critical TCA cycle intermediate. 
The GABA-T plus SSADH complex is referred to as the 
'GABA shunt'. Glutamate is synthesized from alpha- 
ketoglutarate, another key TCA intermediate, through the 
action of GABA-T. Rising glial cytosolic glutamate stimu- 
lates glutamate synthesis by GS. Glial release of glutamine is 
tightly controlled by the SN1 transporter. The system- A trans- 
porter (SAT1 and SAT2), which actively takes up extracellu- 
lar glutamine, exhibits particularly high levels of expression 
by GABAergic neurons with the location of SAT1 at the nerve 
terminal. Glutamine is converted to glutamate and ammonia 
by PAG. The GABA-glutamine cycle is completed by the 
GAD, which synthesizes GABA from glutamate. A portion of 
the GABA released into the synaptic cleft is taken up by the 
neuronal sodium-dependent GABA transporter (GAT1). In 
glutamatergic and GABAergic neurons, GABA enters the 
GABA shunt to be recycled to the TCA cycle as succinate. 

Both glutamine and GABA are critical anaplerotic sub- 
strates, maintaining neuronal mitochondrial synthetic 
function. GABAergic neurons appear to be unable to syn- 
thesize GABA de novo from glucose or lactate. Glutamine 
produced from exogenous glutamate is readily released in 
cultured astrocytes and GABA synthesis is stimulated by 
glutamine in synaptosomes, cell cultures, and brain slices, 
where it serves as a major precursor of the releasable pool of 
glutamate and GABA (75, 129-131). This suggests that GAD 
activity, and hence GABA synthesis, is limited by the avail- 
ability of intracellular glutamate in GABAergic neurons. 



The GABA-Glutamate Cycle 

Another cycle, the glutamate-GABA cycle, potentially 
exists (Fig. 13.27). Glutamatergic neurons appear to express 
GABA transporters (GAT1) and GABA-T/SSADH. GABA 
released by GABA-containing cells can be taken up by 
glutamatergic cells and recycled to form glutamate. Conversely, 
GABAergic neurons can take up extracellular glutamate. 
Glutamate transporters are localized primarily on glia 
and on certain GABAergic neurons, not glutamatergic ones. 
Glutamate, taken up by GABAergic neurons, stimulates GAD 
and thus GABA synthesis, thereby increasing GABA levels. 
GAD67 transcription and expression is upregulated in 
response to injury (93). Enhanced activity of the glutamate- 
GABA cycle could be an adaptive metabolic response to 
excess glutamate release, helping to mitigate excitotoxicity. 
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FIG. 13.27. The GABA-glutamate cycle. EAAT3, neuronal glutamate 
transporter; GAD, glutamic acid decarboxylase; GAT1, neuronal 
GABA transporter; GAT3, glial GABA transporter. 
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Epileptogenesis and GABA 



Clearly, many factors affect seizure generation. The tra- 
ditional view on epileptogenesis is centered on changes 



in the intrinsic properties of populations of neurons and 
neuron-to-neuron interactions within the seizure-onset zone. 
A population of excitatory neurons begins to generate barrages 
of action potentials (intrinsic bursts). Glutamatergic synaptic 
transmission increases by way of recurrent neuronal 
connections, which develop in response to the epileptogenic 
injury. There is a decrease in the efficiency of inhibitory 
connections (GABA-mediated) (132, 133). In the appropri- 
ate setting, GABAergic neurotransmission can become exci- 
tatory. GABA acts as an excitatory neurotransmitter during 
fetal development and astrocytes express GAD in the fetal 
central nervous system (134, 135). Low expression of the 
neuron-specific potassium chloride co-transporter (KCC2) 
in pyramidal neurons in the epileptic hippocampus has been 
suggested as a possible mechanism for the excitatory actions 
of GABA. 

GABA plays an important role in mammalian epilepsy 
(136, 137). GABA is the major inhibitory neurotransmitter 
in the brain of mammals, including humans. Reviews by 
several investigators have stressed the role of GABA in 
epilepsy and emphasized the developmental aspects of 
GABA physiology, with implications for childhood 
epilepsy. Animal models using advanced molecular genetic 
techniques such as knockout mutations have identified the 
role of genes affecting ion channels, the synapse (including 
release and uptake of neurotransmitters), synaptic receptors 
and the neural network that result in epilepsy (138). Many of 
these mutations result in alterations of GABA and glutamate 
physiology. A recently described mutation of a nonspecific 
alkaline phosphatase results in markedly reduced brain 
GABA and intractable seizures (139). 

In addition, rare genetic disorders of GABA metabolism 
have been identified in a few hundred children (140). These 
disorders include pyridoxine-dependent epilepsies, GABA-T 



Magnetic Resonance Spectroscopy / 361 



deficiency and succinic-semialdehyde-dehydrogenase defi- 
ciency (141-143). Subjects with pyridoxine-dependent 
epilepsies have been observed to have extremely low CSF 
GABA levels, elevated glutamate, and low levels of brain 
GABA. Recent reports have suggested that similar changes 
in CSF GABA occur in children with infantile spasms (144). 
Despite the known role of pyridoxine (vitamin B6) as an 
important co-factor for GAD, a key regulatory enzyme of 
GABA metabolism, characterization of the molecular defect 
in pyridoxine-dependent epilepsies has yet to be discovered. 
However, mutations in the y 2 subunit of the GABA-A recep- 
tor were recently reported to cause familial epilepsy with 
febrile seizures or absence (145, 146). 

Measurements of cerebral GABA levels will provide a 
more efficient procedure for identifying families carrying 
genes affecting GABA metabolism, and will facilitate the 
identification of the specific mutated genes. MRS-based 
GABA and homocamosine imaging may become useful in 
extending the phenotype to detect presymptomatic family 
members of patients with inherited causes of low brain 
GABA and epilepsy. 

Studies using MRS have found reduced cellular GABA 
levels in the human visual cortex in localization-related 
epilepsies. Below-normal GABA levels in the visual cortex 
are associated with poor seizure control in refractory local- 
ization-related epilepsy syndromes (108, 111, 147-149). 
Whether low GABA levels are the cause or the result of 
frequent seizures is unknown. 

It is surprising that intracellular GABA levels are below 
normal in many patients with poor seizure control, particu- 
larly in regions presumably remote from the epileptogenic 
areas (most often temporal and frontal lobes in our series). 
Both GABA concentrations and synthesis rates increase in 
most seizure models (57). Serial MRS measurements, made 
in the occipital lobe cortex before and after a series of bilat- 
eral electroconvulsive therapy treatments with documented 
electrographic seizures, show GABA increases in most mor- 
bidly depressed patients (150). One plausible hypothesis is 
that below-normal cellular GABA levels in the visual cortex 
contribute to enhanced cortical excitability and therefore to 
the potential for seizures. Low cellular GABA levels reflect 
an intrinsic alteration in GABA metabolism and are not suf- 
ficient in themselves to cause epilepsy in most patients. Low 
neocortical GABA levels contribute to the expression of 
seizure disorders in the localization-related epilepsies by 
increasing cortical excitability in a global fashion, thereby 
facilitating the spread of seizure to regions remote from the 
epileptogenic zone. 



Cortical Excitability and GABA Content 

Some studies have shown that patients with epileptiform 
abnormalities on interictal EEG recorded shortly after a 
seizure are more likely to have another seizure within 



2 years than those with normal EEGs (116). These interictal 
epileptiform abnormalities probably reflect increased cor- 
tical excitability and serve as a biomarker of epileptogenicity. 
Similarly, localization of the site of termination of seizures 
of focal origin to cortical regions other than the onset is 
associated with a poorer surgical prognosis (117). This 
observation raises the possibility of additional abnormal 
epileptogenic cortical regions with impaired seizure- 
terminating capabilities, i.e. increased cortical excitability. 

The presence of interictal epileptiform discharges 
extending beyond the area of resection correlates with poor 
surgical outcome in patients with extrahippocampal epilepsy 
(118). In contrast, patients with focal interictal epileptiform 
discharges included in surgical resection have good surgical 
outcomes. This observation suggests that increased cortical 
excitability outside the epileptogenic region predicts failure 
to become seizure-free after surgery. The observations are 
consistent with the hypothesis that increased cortical 
excitability beyond the epileptogenic region appears to con- 
tribute continued seizure activity. 

Intracellular GABA plus homocamosine levels measured 
in the visual cortex, remote from the presumed seizure 
focus in the temporal or frontal lobes, are lowest in those 
patients with epileptiform abnormalities on interictal EEG 
(Fig. 13.28) (111). The associations between the interictal 
EEG and cellular GABA plus homocamosine are similar to 
the associations between the EEG and the likelihood that 
seizures will recur. Low cortical cellular GABA levels could 
contribute to increased cortical excitability, which allows the 
focal seizure to spread and become generalized. Below-nor- 
mal cellular GABA plus homocamosine, measured by in- 
vivo MRS, could become a useful marker for epileptogenicity. 
Combined with other EEG and other neuro-imaging 
methods, MRS-based imaging of GABA, homocamosine, and 




occipital cellular GABA and homocamosine (mM) 
FIG. 13.28. The occipital GABA plus homocamosine content of the 
occipital lobe, remote from the seizure focus, is below normal in 
patients with refractory, complex partial seizures. Those patients with 
epileptiform discharges on interictal EEG have the lowest levels. 
(From data in Petroff et al. 1996 (1 11).) 
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with respect to the seizure focus 
FIG. 13.29. Proton-MRS measurements of the GABA+ to creatine 
(GABA+/Cr) ratio of the occipital lobe ipsilateral and contralateral to 
the seizure focus in patients with temporal lobe epilepsy show that 
the ratio is significantly less on the ipsilateral side. Low GABA may 
define the epileptic network in localization-related epilepsies. (From 
data in Mueller et al. 2001 (151).) 



glutamate may become useful modalities in the evaluation 
of patients presenting with possible seizures. 



Occipital GABA Levels are Reduced Ipsilateral 
to Epileptic Focus 

Occipital-posterior-temporal lobe GABA+/Cr ratios are 
reported to be 30% lower ipsilateral to the seizure focus 
(Fig. 13.29) (151). The ratios are lowest ipsilateral to the 
seizure focus in those patients who achieved good seizure 
control after GABA levels are increased with vigabatrin. 
Vigabatrin is a GABA-T inhibitor that increases intracellu- 
lar and extracellular GABA and homocarnosine (147, 148). 
This suggests that increased GABA may contribute to the 
reduction in symptoms. A recent review proposes that human 
epilepsy is a disorder of large neural networks (152). The 
electrical hyperexcitability associated with seizure activity 



reverberates within the neural structures of the network to 
culminate in the eventual expression of seizures. The low 
neocortical GABA levels ipsilateral to the epileptogenic 
temporal lobe suggest that low cellular GABA could con- 
tribute to the hyperexcitability of the epileptic network. 

Imaging GABA may become very useful in mapping 
epileptic networks. MRS-based GABA, homocarnosine, and 
glutamate imaging may become a key part of the presurgi- 
cal evaluation of patients with refractory localization-related 
epilepsies. GABA and glutamate imaging may be useful for 
the localization of the epileptogenic network. Bilateral 
below-normal GABA or homocarnosine may herald the 
recurrence of seizures after epilepsy surgery. 



Effects of Antiepileptic Drugs on Cortical GABA Content 

The use of the traditional antiepileptic drugs do not 
appear to have a major effect on intracellular GABA and 
homocarnosine levels measured in the visual cortex using 
MRS (86, 90, 149). In patients with refractory localization- 
related epilepsies treated with carbamazepine, phenytoin, 
phenobarbital, primidone, valproate, or combinations of these 
drugs, cortical GABA and homocarnosine levels are low. In 
animal models, valproate is reported to increase intracellular 
GABA by inhibiting SSADH and possibly stimulating 
GABA synthesis. 

Daily use of vigabatrin, topiramate, gabapentin, or 
zonisamide appears to be associated with increased cellular 
GABA plus homocarnosine (Fig. 13.30). Vigabatrin is a 
potent, irreversible inhibitor of GABA-T that is known to 
increase the cytosolic and vesicular GABA content of 
neurons, the cytosolic GABA content of glia, and extracel- 
lular and serum GABA concentration (147). Topiramate 
and gabapentin clearly raise GABA and homocarnosine 
in human brain but have no clear-cut effect in rodent 
models (153-156). 

In drug-free volunteers without epilepsy, topiramate, 
gabapentin, and lamotrigine increased intracellular brain 
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FIG. 13.30. Treatment with vigabatrin, topiramate, gabapentin, or zonisamide appears to be associated with increased cellular GABA plus 
homocarnosine, measured in the occipital lobe using proton-MRS. (From data in Petroff et al. 1999, 2000 (86, 90).) 
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FIG. 13.31. A. Serial proton-MRS measurements show that topiramate, gabapentin, and lamotrigine increase intracellular brain GABA within 3 
hours of the first oral dose. B. Similarly, topiramate, or vigabatrin increase intracellular GABA levels in the visual cortex within 1-2 hours in 
patients with epilepsy. (From data in Kuzniecky et al. 2002 (155) and Petroff et al. 1999, 2000, 2001(86, 90, 148).) 



GABA with 3 hours of the first oral dose (155, 157) 
(Fig. 13.31). Increased levels are maintained for at least 
4 weeks on daily doses of topiramate 400 mg, gabapentin 
2400 mg, and lamotrigine 500 mg. 

In patients with refractory localization-related epilepsies, 
the first oral doses of gabapentin, topiramate, or vigabatrin 
increase intracellular GABA levels in the visual cortex within 
1-2 hours of the first oral dose (Fig. 13.31) (153, 154, 158). 
In-vivo MRS-based studies of GABA metabolism have 
shown that human and rodent GABA metabolism are clearly 
different. Whether GABA metabolism is different in young 
children remains to be further evaluated (159). Using GABA, 
homocarnosine, and glutamate imaging may help tailor the 
selection of anti-epileptic drugs to individualize therapy for 
the neurotransmitter/neurometabolic condition of the patient. 
An epilepsy patient with low GABA or homocarnosine may 
benefit from a drug that increases cellular GABA or homo- 
carnosine or perhaps lowers cellular glutamate. Vigabatrin 
and phenobarbital, drugs that are thought to exert their anti- 
convulsant effects through the GABAergic system, appear to 
lower cellular glutamate too. 



Homocarnosine concentrations are three- to sixfold higher 
in adults than in infants. 

Human CSF GABA consists of micromolar concentrations 
of homocarnosine and pyrrolidinone (the internal lactam of 
GABA), small amounts of other GABA containing peptides, 
and nanomolar quantities of free GABA (164). It comprises 
approximately 40% of the GABA measured in human CSF 
after acid extraction of human CSF. The histidyl portion of the 
homocarnosine molecule is sensitive to pH with a pK in 
the physiologic range (6.86) (165). The chemical shift of the 
homocarnosine resonances can be used to measure the pH 
of the human brain (7.06) in the homocarnosine-speciftc 
(neuronal cytosol) compartment. It has been proposed that 
homocarnosine contributes to intracellular buffering. 

Although homocarnosine may serve as an important 
inhibitory neuromodulator in the human brain, little is known 
about the regulation of its synthesis (166). Homocarnosine 
is synthesized in the cytosol of a subclass of GABAergic 
neurons by the enzyme homocarnosine synthetase (161) 
(Fig. 13.32). Human homocarnosine synthetase activity is 



HOMOCARNOSINE: A UNIQUE ASPECT OF 
PRIMATE GAMMA-AMINO BUTYRIC 
ACID METABOLISM 

Homocarnosine, a dipeptide of GABA and histidine 
unique to brain, is present in human brain in greater amounts 
(0.3-1 .6 mmol/1) than in other mammals (<0.07mmol/l). 
Homocarnosine is an inhibitory neuromodulator synthesized 
in the neuron from GABA and histidine (160-162). 
Immunohistology studies for homocarnosine suggest a 
cytosolic localization in human brain, most probably in sub- 
classes of GABAergic neurons. In the human neocortex and 
white matter tracts, homocarnosine immunoreactivity is 
seen along projecting fibers rather than in GABAergic 
interneurons. Autopsy-based studies show that regional 
homocarnosine and GABA levels vary independently (163). 
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FIG. 13.32. Homocarnosine synthesis. GAD67, glutamic acid decar- 
boxylase isoform 67kDa; GAT1, neuronal GABA transporter; SN1, 
system-N transporter. 
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highest in the occipital cortex, basal ganglia, and cervical 
cord and lowest in the cerebellar cortex. Immunoreactivity is 
seen in neuronal cell bodies, axons, and synapses, correlat- 
ing well with the cytosolic distribution of homocarnosine 
itself (162). The distribution of homocarnosine synthetase 
appears to correlate better with the reported distribution of 
GAD67 than for GAD65. Not unexpectedly, regional homo- 
carnosine and GAB A levels do not correlate (163). The 
substrates for the enzyme are histidine and GABA and ATP. 
The products include homocarnosine, ADP, free magne- 
sium, and a hydrogen ion. 

In vitro, human homocarnosine synthetase has a V max of 
18 nmol/g/h and a Km for GABA of 8.8 mmol/1. The Km for 
histidine is approximately 1 mmol/1 based upon studies of 
the rat enzyme (carnosine-homocarnosine synthetase) (167). 
Substrate availability, based on estimated cytosolic concentra- 
tions of GABA (5-10 mmol/1) and histidine (0.1-0.2 mmol/1), 
may limit homocarnosine synthetase activity. Consistent 
with substrate limitation, in-vivo MRS-based studies have 
shown that homocarnosine concentrations increase follow- 
ing administration of drugs that elevate GABA, but only 
after a delay of at least 24 hours (153, 154, 158). 

Whether homocarnosine is packaged in vesicles and 
co-released with GABA remains unresolved. GABAergic 
neurons often co-release a variety of short peptides with 
GABA. Alternatively, homocarnosine may be released through 
GABA-transporter (GAT1) reversal. This possibility is less 
likely because homocarnosine is a significantly larger mol- 
ecule than GABA and positively charged. 

A specific enzyme, homocarnosinase (human serum 
carnosinase), rapidly hydrolyzes homocarnosine. It has 
an extracellular location associated with a subtype of 
GABAergic synapses. Homocarnosine is hydrolyzed in the 
extracellular space into GABA and histidine. Neurons are 
unable to synthesize histidine and utilize the SN1 transporter, 
which has a greater affinity for histidine than glutamine. 
SN1 is coupled to the hydrogen and sodium ion gradients. 
Intracellular acidification promotes the uptake of histidine as 
it stimulates GAD67 to synthesize GABA. Homocarnosinase 
immunoreactivity is associated with synapses of projecting 
fibers, localization suggesting that homocarnosine may act as 
an important modulator of excitability in the human neocortex. 

Homocarnosinosis, secondary to the inherited absence of 
homocarnosinase, has been reported (140, 160, 166). The 
phenotype is unclear. Some patients are neurologically nor- 
mal, others have cognitive and developmental problems, 
spinal muscular atrophy, or seizures. Diagnosis requires 
CSF or MRS analysis because homocarnosine that enters 
the blood is rapidly hydrolyzed by carnosinase, a serum 
enzyme that is present in normal amounts in patients with 
homocarnosinosis. 

The regulation of homocarnosine concentrations is 
poorly understood. Restriction of histidine lowers the abnor- 
mally elevated homocarnosine levels associated with a dys- 
functional degradative enzyme, homocarnosinase (168). 
CSF homocarnosine levels are elevated 6-24 hours after the 



first dose of vigabatrin, the GABA-T inhibitor that raises 
GABA levels in the CSF, cytosol, and vesicles (169). CSF 
studies in patients suggest that above-normal levels of homo- 
carnosine may contribute to improved seizure control (170). 



Homocarnosine Content and Seizure Control 

The primary effect of vigabatrin at low daily doses 
(1-2 g/d) appears to be an increase in intracellular GABA. 
At standard doses (3^1 g/d), homocarnosine continues to 
increase with minimal change in cortical GABA. Greater 
than 50% improvement in seizure frequency was reported 
with higher homocarnosine levels in most patients treated 
with vigabatrin (Fig. 13.33) (148). Patients whose seizure 
control more than doubled had higher homocarnosine con- 
centrations than patients who did not benefit (p <0.05). Mean 
GABA levels were the same in patients who improved and 
those who did not improve. Increased homocarnosine failed 
to benefit some patients. The increase in homocarnosine 
contributed to improved seizure control. 

Patients with refractory localization-related epilepsies 
often have below-normal intracellular GABA and homo- 
carnosine measured by in-vivo MRS in the visual cortex. Low 
cellular GABA and poor seizure control are associated in such 
patients treated with valproate or lamotrigine (Fig. 13.34). 
Surprisingly, patients with JME, even those with excellent 
seizure control (no convulsions in years), often have cellular 
GABA levels lower than patients with poorly controlled com- 
plex partial seizures (108). Over half (69%) of patients with 
JME treated with valproate or lamotrigine had GABA levels 
more than 2 SD below-normal. The discordant finding of low 
GABA and excellent seizure control in JME may be explained 
by the normal homocarnosine levels. Patients with refractory 
complex partial seizures have below-normal mean GABA 
and homocarnosine levels; patients with JME had the lowest 
mean GABA levels, yet had normal homocarnosine levels. 
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FIG. 13.33. Improved seizure control 

homocarnosine concentrations in epilepsy patients treated with 

vigabatrin. (From data in Petroff et al. 1998 (148).) 
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FIG. 13.34. Excellent seizure control is associated with increased homo- 
carnosine concentrations in patients with juvenile myoclonic epilepsy. 
(From data in Petroff et al. 2001 (154).) 
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Higher levels of homocarnosine were associated with 
better seizure control in all patients, irrespective of seizure 
type. All patients with below-normal homocarnosine had 
poor seizure control - several seizures with loss of contact 
per month. All patients with JME had normal homocarno- 
sine levels; those with the lowest homocarnosine levels had 
had at least one seizure with loss of contact within the 
past year. Log-linear regression revealed a significant as- 
sociation between homocarnosine levels and seizure control. 
These results indicate that higher brain homocarnosine 
levels strongly correlate with better seizure control in 
human epilepsy. However, while this correlation implies 
a causal linkage, it does not prove that homocarnosine 
directly decreases cortical excitability and by this mech- 
anism improves seizure control. 

Hydrolysis of homocarnosine has been proposed as an 
alternate metabolic pathway to rapidly increase GABAergic 
activity and thus serve as an important inhibitory neuro- 
modulator in human neocortex. Intraventricular injections 
show that homocarnosine has anticonvulsant properties. It 
may interact directly with GABA receptors or after hydro- 
lysis to GABA and histidine (162). 

The mechanisms of homocarnosine release, possible 
synaptic co-release with GABA or, more likely, nonsynaptic 
routes, are obscure. Paracrine models appear to be favored, 
with homocarnosine serving as an inhibitory modulator 



rather than a point-to-point synaptic signaling. Release of 
homocarnosine could contribute to glutamate-GABA cycling 
and reflect an adaptive response to excess extracellular gluta- 
mate. Homocarnosine may modulate synaptic transmission 
directly by altering the availability of zinc (171). Because 
homocarnosine is an excellent chelator of zinc and copper 
with relatively little affinity for calcium or magnesium, it can 
buffer zinc and copper levels with little impact on calcium. 
Alternatively, histidine, another excellent chelator of zinc, 
may be the primary effector. Having a strong zinc chelator at 
the GABA receptor should enhance the inhibitory action of 
GABA, particularly at those GABA receptors expressing the 
gamma-subunit (172, 173). Zinc also synchronizes release of 
GABA and modulates glutamatergic receptors (174). Thus 
homocarnosine can modulate neuronal excitability through a 
number of mechanisms. Low homocarnosine could reflect 
decreased fractional volumes of homocarnosine-containing 
neurons, expression of homocarnosine synthetase, or down- 
regulation of homocarnosine synthetase activity. 

A number of the new antiepileptic drugs — topiramate, lamo- 
trigine, levetiracetam, gabapentin — increase cellular homo- 
carnosine. Daily use of vigabatrin, gabapentin, and topiramate 
increases intracellular concentrations of GABA and homo- 
carnosine (Fig. 13.35) (88, 153, 154, 158). Surprisingly, daily 
use of levetiracetam appears to increase intracellular homo- 
e without appreciably increasing intracellular GABA. 
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FIG. 13.35. Treatment with topiramate, vigabatrin, gabapenti 
Petroff et al. 1999, 2000, 2001 (86, 90, 148).) 
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W-ACETYL ASPARTATE METABOLISM 

N-acetyl aspartate is the most concentrated organic 
metabolite unique to the central nervous system. The singlet 
resonance from the three hydrogen atoms of the terminal 
methyl group of the 7V-acetyl portion of NAA serves as a 
useful marker of normal adult nervous tissue. NAA levels 
and the NAA-to-creatine (NAA/Cr) ratio are decreased in 
a wide variety of neurologic problems. Mitochondrial dys- 
function or loss of neurons and axons are a common feature. 
Following a stroke, NAA levels decline over a period of sev- 
eral days. The loss of NAA after a stroke reflects the loss of 
neurons (175). Pathology studies of the dementias clearly 
demonstrate a significant association between neuron loss 
and low NAA levels (176). Studies of chronic plaques in 
multiple sclerosis show a significant correlation between 
axon loss and low NAA levels (177, 178). Studies of waller- 
ian degeneration in rat optic nerve support this relationship — 
less NAA correlates with the degree of axon loss. (179) 

Studies of human inborn errors of metabolism cast doubt 
on the tight association between low NAA levels and neuron 
loss. Martin and colleagues report brain spectra that appear 
to show no NAA, which were obtained from a disable child 
with neurodevelopmental retardation and moderately delayed 
myelination (180). Naturally, the report generated a lively 
discussion (181). Yet, the primary observations remain 
valid — little or no NAA is present in MR spectra obtained 
from voxels from multiple regions of brain using routine 
clinical MRS methodology. NAA levels are extremely low 
in a transgenic mouse model of Huntington's disease (182). 
Low NAA levels occurred in the absence of neuronal death 
as measured by postmortem Nissl staining and neuronal 
counting, but in the presence of nuclear inclusion bodies. 

Reversible decreases in NAA are seen following trau- 
matic brain injury (183). Serial measurements of NAA in 
acute multiple sclerosis plaques show a pattern of decline 
and recovery. The observations suggest that a metabolic 
component contributes to the reversible decrease of NAA 
(184, 185). In the mitochondrial cytopathies, below-normal 
NAA, low phosphocreatine, and elevated lactate levels are 



seen in all patients, including those without signs and symp- 
toms of brain involvement and with normal MRIs (186-189). 
These changes are most prominent in patients with 
myoclonic epilepsy or stroke. Some of the MRS-based find- 
ings appear to be partially reversible with therapy. In- vitro 
studies using isolated neuronal mitochondria, neuron cultures, 
and perfused slice systems show that a variety of mitochon- 
drial toxins may be used to inhibit NAA synthesis with only 
a modest impairment of ATP synthesis (190, 191). The find- 
ings in the mitochondrial disease are similar to those seen in 
the localization-related epilepsies. Mitochondrial dysfunc- 
tion is one of the characteristics of the epileptogenic human 
hippocampus (192). 

The NAA content of brain is controlled by the rate of 
synthesis in mitochondria, less the rate of neuronal release 
or oxidation (191, 193). When NAA is released there is 
an obligate loss of TCA cycle metabolites, i.e. alpha- 
ketoglutarate or oxaloacetic acid (Fig. 13.36). Glia exclusively 
contain the anaplerotic enzymes necessary for the de novo 
synthesis of TCA cycle intermediates. The glutamate- 
glutamine cycle between neurons and glia is the dominant 
mechanism used to replenish neuronal TCA cycle interme- 
diates (44). In the adult nervous system, NAA is synthesized 
from acetyl co-enzyme A (acetyl CoA) and aspartate by NAA 
synthetase by the mitochondrial enzyme NAA synthetase 
(L-aspartateAf-acetyl-transferase). 

The mechanism by which NAA enters the cytosol is 
unclear. One possibility is through a dicarboxylate trans- 
porter, e.g. malate or succinate. It accumulates in the cytosol 
on many but not all neurons, especially in large axons. NAA 
does not participate in neuronal metabolism except in a sub- 
set of glutamatergic neurons (196). Another neuron-specific 
enzyme, NAAG synthase (NAA-L-glutamate ligase), syn- 
thesizes a dipeptide, NAA-glutamate (NAAG) (195). The 
mechanism by which NAA is released from the neuronal 
cytosol is unknown. One attractive possibility is reversal of the 
sodium-dependent, electrogenic, dicarboxylate transporter 
(NaDC3) during neuronal or axonal depolarization (196). 

NAA is hydrolyzed by myelin-associated aspartoacy- 
lase (Af-acyl-L-aspartate amido-II-hydrolase) to aspartate and 
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FIG. 13.36. A/-acetyl aspartate metabolism. ECF, extracellular fluid; GLAST, glutamate aspartate transporter; GS, glutamine synthetase; MCT1 , 
glial monocarboxylic acid transporter; NaDC3, dicarboxylic acid transporter; PAG, phosphate activated giutaminase; SAT1, system-A trans- 
porter; SN1, system-N transporter. 



acetate (197). Aspartate and acetate are taken-up primarily 
by glial transporters (GLAST and MCAT1) (41, 76). 
Astrocytes take up NAA directly using NaDC3, which is 
functionally very active in glia (198). Dicarboxylic acids 
and NAA do not readily cross the intact blood-brain barrier 
and are therefore 'trapped' in the central nervous system. 
Labeling studies suggest that NAA is primarily hydrolyzed 
in oligodendrocytes that are myelinating. However, type-2 
astrocytes express large amounts of aspartoacylase, suggest- 
ing that they too can metabolize NAA. 

Mutation of aspartoacylase leads to Canavan's disease, 
which is an autosomal recessive leukodystrophy resulting in 
spongy degeneration of white matter tracts of the brain with a 
50% increase in brain NAA and the NAA aciduria (193, 199). 
In- vivo MRS studies using ,3 C-labeled glucose have shown 
that NAA turnover is coupled to glutamate turnover. NAA 
synthesis rates are reduced in patients with Canavan's disease 
in proportion to the slow rate of catabolism. The slow rate of 
NAA turnover indicates that elevated NAA levels inhibit 
NAA synthesis (product inhibition). The NAA aciduria indi- 
cates that the NAA leaks across the blood-brain barrier and is 
not metabolized to a significant extent by the liver or kidney. 



What is the Role of NAA in the Central Nervous System? 

The exact function of NAA in the nervous system has 
eluded definition (194, 195, 197, 200). One role is to serve 
as a substrate for NAAG, an excitatory neuromodulator. 
Another is that NAA itself appears to be an excitatory 
neuromodulator. Intraventricular injection of NAA produced 



epileptiform discharges. Hippocampal slice preparations 
perfused with NAA brain produces repetitive firing of hip- 
pocampal CA3 neurons. Genomic deletion within a region in 
which the aspartoacylase gene is located result in the tremor 
rat with absence-like seizures and spongiform degeneration. 
NAA has been proposed as a neuron-glia signaling system, 
perhaps critical for the formation of nodes of Ranvier. 

A third, more intriguing hypothesis is that NAA serves as 
an osmolite controlling volume regulation as a putative 
component of a molecular water pump (aquaporin) (200). 
This proposal suggests that NAA synthesis and transport is 
used to remove the water generated by mitochondrial oxida- 
tive metabolism, thus minimizing the potential edema that 
would be the functional consequence of rapid oxidation 
metabolism. Oxidation of 1 mol of glucose yields 6 mol 
of water and carbon dioxide. Oxidation of 1 mol of BHB 
('ketone body') yields 4 mol of water and carbon dioxide. 
A consequence of this hypothesis would be a metabolic 
coupling between the rates of the TCA cycle and NAA 
synthesis. 

Other less likely hypotheses include a role in shuttling 
acetyl groups from neuronal mitochondria to myelin. In the 
fetal brain, taurine content is high. As taurine levels decrease, 
NAA levels rise in a reciprocal fashion. The apparent diffu- 
sion coefficients of ATP and phosphocreatine (PCr) lengthen 
in parallel. NAA may facilitate diffusion of ATP and PCr in 
dendrites, axons, myelinating oligodendrocytes, and other 
regions where the distances (diffusion path length) between 
mitochondria producing ATP and the transporters and 
enzymes consuming ATP are long. The apparent diffusion 
coefficients of the high-energy phosphates (ATP and PCr) 
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are faster in NAA solutions compared to other major osmo- 
lites, e.g. taurine or myoinositol (ml) (201). 



NAA Content is Decreased Ipsilateral to the 
Seizure Focus 

In the localization-related human epilepsies, NAA and 
NAA/Cr ratios are decreased in the epileptogenic temporal 
lobe (9, 202, 203). In human TLE, low NAA levels are often 
widespread and can affect the temporal lobe contralateral to 
the epileptogenic hippocampus (Fig. 13.37) and correlate 
with interictal hypometabolism measured using PET (204). 
The widespread changes seen using PET and MRS are attrib- 
uted to diaschisis. Neuron loss or dysfunction has been shown 
to decrease NAA. Below-normal NAA can provide evidence 
of temporal lobe or hippocampal abnormalities in epilepsy 
patients who show no abnormality on extensive MRI investi- 
gation (205). Lesser decreases in NAA are seen in the tem- 
poral lobe contralateral to the epileptogenic one. Below-normal 
NAA levels in the temporal lobe, contralateral to the epilepto- 
genic one removed by surgery, often herald a poor outcome 
(206). Very low NAA levels in the temporal lobe contralateral 
to the one removed by surgery suggest bilateral dysfunction 
of the temporal lobes. The surgical outcome may be less than 
expected because of cognitive problems or recurrent epilepsy. 
A recent study reports significant negative associations 
between epilepsy duration and mesial temporal lobe NAA/CR 
ratios, both ipsilateral and contralateral to the epileptogenic 
temporal lobe (207). In regions with low levels prior to sur- 
gery, NAA can recover to nearly normal values following 
successful temporal lobectomy (9, 208). Most of the recovery 
occurs within 6 months and 95% by 2 years (209). 

In patients with a frontal or parietal-central epileptogenic 
focus (neocortical epilepsy), spectroscopic imaging of NAA 
is useful in localizing the epileptogenic zone (210, 211). 




NO contra ipsi contra ipsi 

epilepsy hippocampal sclerosis MRI-negative 

FIG. 13.37. Mean NAA content is below normal in the mesial tem- 
poral lobes of patients with temporal lobe epilepsy (TLE). NAA 
is lowest ipsilateral to the seizure focus in TLE with hippocampal 
sclerosis. (From data published by Woermann et al. 1999 (91).) 



Seizure frequency correlates with the magnitude of the 
decrease in NAA in the seizure focus (212). In epilepsia par- 
tialis continua, cortical NAA levels are lowest in the seizure 
focus. Partial recovery occurs when seizures remit (213). 
Extremely low NAA levels are seen in the epileptic focus 
associated with developmental malformation with normal or 
increased neuron densities (214). This suggests that the NAA 
content of neurons in the epileptogenic zone must be decreased, 
probably because of impaired mitochondrial synthesis rather 
than enhanced neuronal release and catabolism by glial. 

Whether decreased NAA levels of the mesial temporal 
lobe reflect hippocampal neuron loss remain unclear. A prior 
study of the epileptogenic human hippocampus resected at 
surgery reports that NAA content is significantly lower in 
'sclerotic gliotic' specimens than those that are 'histologi- 
cally unremarkable' (215). Another semiquantitative study 
involving eight patients suggests that there is an association 
between low NAA levels by in-vivo MRS and severity of 
hippocampal sclerosis (216). A larger study reports no as- 
sociation between the hippocampal Cr/NAA ratios meas- 
ured in vivo by MRS and neuron/glia ratios of portion 
of the resected hippocampi (217). 

A recent surgical series showed that there are no signifi- 
cant associations between hippocampal neuron loss and the 
cellular content of NAA despite a more than a threefold dif- 
ference in neuron loss and a twofold increase in glial density 
(Fig. 13.38) (78). A highly significant association between 
hippocampal NAA and glutamate content is seen, with weak 
associations between NAA and aspartate and glutamate and 
aspartate. The association between NAA and glutamate con- 
tent suggests that NAA and glutamate metabolism are linked 
closely in the epileptogenic hippocampus. Aspartate is the 
precursor of NAA and a weak association is not unexpected. 
Both aspartate and glutamate are in rapid chemical 
exchange with TCA cycle intermediates (malate and alpha- 
ketoglutarate) and an association is expected. 

The modest decreases in glutamate and NAA in the hip- 
pocampi with more than 70% neuron loss and a doubling of 
glial density are unexpected. In the adult nervous system, 
NAA appears to be localized to neuronal cytosol (195, 219). 
It would appear unlikely that the intracellular NAA and glu- 
tamate content is increased two- to threefold in the remain- 
ing neurons of the most gliotic hippocampi. A more 
probable explanation is that proliferating glial cells contain 
significant amounts of NAA and glutamate. In cell cultures, 
the NAA and total creatine content of 02A-oligodendrocyte 
precursor cells are higher than in cerebellar neurons (79). A 
recent study shows that 'mature oligodendrocytes' grown in 
cell culture with ciliary neurotrophic factor contain high 
levels of intracellular total creatine and NAA, comparable to 
levels reported in a variety of neuronal cultures (80). 

The NAA content measured in hippocampal sclerosis 
with TLE is too high for the degree of neuron loss. One 
hypothesis is that NAA is synthesized by glial precursor 
cells and reactive glia. Enzyme and transporter expression, 
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function, and localization are altered in the epileptogenic 
human hippocampus with sclerosis. An alternative hypo- 
thesis would invoke a pool of NAA 'trapped' in astrocytes, 
which may have a very slow metabolic turnover rate. MR 
spectra of a cellular fraction of rat and human brain enriched 
in glial cells show significant amounts of NAA (221). 
Histopathologic studies identifying subpopulations of glial 
cells and the co-localization of enzymes and transporters 
critical for NAA synthesis will resolve these issues. 
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Clinical Applications of Magnetic Resonance 
Spectroscopy in Epilepsy 

Graeme D. Jackson, Ruben I. Kuzniecky, Regula S. Briellmann and Mark R. Wellard 



As a noninvasive technique for investigating brain meta- 
bolites, MRS enables the study of metabolic abnormalities in 
patients with epilepsy. The information available from MRS 
complements the detailed structural information that is pro- 
vided by conventional MR. The value of MRS lies in its role 
as a means for the diagnosis of the epileptogenic lesion, where 
it may help to define the extent of a surgical resection or to 
predict postoperative outcome (7, 220). MRS may give import- 
ant insights into the mechanisms of seizure generation and 
termination, and into the pharmacodynamics of antiepileptic 
drags, and may thus help in deciding which patients may 
tolerate particular drugs. With its broad application, MRS 
has been used in the clinical context to solve the riddle of 
seizure focus localization in patients without obvious MR 
abnormalities ('MR-negative' epilepsy). Over more than two 
decades, MRS has developed a prominent role in research 
applications where the basic seizure disorder process is 
investigated. 

Early studies using 3I P MR spectroscopy to study a rabbit 
model of status epilepticus were carried out in the 1980s by 
Prichard and colleagues at Yale (221, 222), showing changes 
in energy stores and pH. Later it was shown that lactate was 
elevated for a prolonged time following brief seizures (223, 
224), and ,3 C MRS documented that this elevation was the 
result of continuing turnover of the lactate pool (225). 

Brain lactate is elevated by seizure activity, as demon- 
strated by conventional biochemical studies of excised tis- 
sue. In vivo animal studies using proton MRS allowed more 
dynamic studies and a better appreciation of how persistent 
lactate elevation is after even brief convulsive seizure 
(20-22). Selective neuronal injury by kainate-induced status 
epilepticus in rats was associated with focal reduction 
of NAA determined by proton MRS imaging, even before 
T2-weighted MRI changes were observed (23). 

Najm et al. (24) used proton MRS to identify specific in- 
situ metabolic markers for seizures and seizure-induced 
neuronal damage in rat brains. They pretreated rats with 
placebo or cycloheximide 1 hour before kainic acid injection 
and then scanned rat brains at the level of the hippocampus 
before, during, and 24 hours after seizures. They found a 
significant increase in lactate ratios in kainic-acid-treated 
rats during and 24 hours after seizure onset; however, this 
increase was prevented by cycloheximide pretreatment. 
They suggest that in-situ lactate increase is a marker of 
seizure-induced neuronal damage and that there is no 
significant increase of in-situ lactate during seizures that do 
not lead to neuronal damage (234). 



In 1986, a 31 P MR spectroscopy study of infants (226) 
showed that the phosphocreatine (PCr)/Pi ratio was decreased 
during seizures in the seizure focus, and returned to normal 
after the seizure ended. Elevated lactate in a region of chronic 
encephalitis in a patient with Rasmussen's encephalitis was 
reported using proton MR spectroscopy. (227) The first large 
study with proton MR spectroscopy in TLE was reported by 
Connelly and co-workers in 1994 (3). Figure 13.39 shows an 
MRS investigation in a patient who had a seizure of temporal 
lobe origin hours before the scan. Lactate increase is observed 
in the right temporal lobe. Many subsequent studies have 
demonstrated metabolic changes associated with epilepsy; 
both associated with the seizure focus and in other areas, 
possibly related to seizure spread. These include studies of 
proton, phosphorus and carbon nuclei. 



PROTON MAGNETIC RESONANCE 
SPECTROSCOPY IN EPILEPSY 



Proton (>H) MRS provides information on about 30 brain 
metabolites. Of major interest for the investigation of 




FIG. 13.39. Spectra from both temporal lobes in a patient following 
a temporal lobe seizure. Note the elevation of lactate in correspon- 
dence to the epileptogenic temporal lobe. (Courtesy of Dr T. Ng, 
UAB, Birmingham, USA.) 
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epilepsy patients are: NAA, choline-containing metabolites 
(Cho), creatine/phosphocreatine (Cr), lactate, all of which 
are measurable using short- or long-echo acquisitions. 
Spectra acquired with short-echo times provide information 
about these metabolites as well as ml, GLX, aspartate, and 
alanine, in addition to several other metabolites (228), some 
of which require spectral editing techniques for detection 
(e.g. GABA). A reduction in the NAA signal, or in its ratio 
to other metabolite signals, is commonly interpreted as 
indicative of neuronal loss or impaired neuronal function. It 
has been suggested that Cr and Cho are concentrated in glial 
cells (79). Increased Cho suggests gliosis and elevated 
membrane turnover (228). ml is a putative marker of gliosis 
and an organic osmolyte (229) involved in cellular volume 
control (230). Studies in animals have identified rapid 
reduction of ml as a mechanism of brain volume regulation 
following hyponatremia, with levels being slow to return to 
normal on normalization of the osmotic environment (231). 
Proton MRS is of particular importance in epilepsy 
patients with brain tumors. The characteristic elevation of 
choline makes MRS a valuable tool for the diagnosis of 
tumors and their differentiation from other lesions (232). 
There is also good evidence that the metabolite profile can 
differentiate between tumor types (233). For example, 
lesions with normal Cho levels may strongly argue against 
the presence of a fast growing tumor. 



Temporal Lobe Epilepsy and Proton Magnetic 
Resonance Spectroscopy 



Lateralizing MRS abnormalities have been described 
i TLE patients, beginning in 1994 (3). They have been 
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FIG. 13.40. Proton spectrum obtained from 1 ml voxels in the tem- 
poral lobe of a patient with temporal lobe epilepsy. Spectrum shows 
reduction in NAA in the epileptogenic temporal lobe. 



replicated in adults (5, 9, 234, 235) and children (236, 237). 
The abnormalities typically consist of reduced NAA signal 
and increased choline and ml signals, suggestive of gliosis 
(234). A typical spectrum and the acquisition plane obtained 
from the temporal lobes of a patient with TLE are shown in 
Figures 13.40 and 13.41. These MRS findings are consistent 
with the histopathologic characteristics of reduced neuron 
cell counts and increased glial cell numbers. More recently, 
increased ml has been reported as a consequence of 
induction of Na+/ml cotransporter (SMIT) following 
seizure activity (229) associated with glial proliferation in 
the seizure focus. 

Proton MRS studies have shown focal reductions of NAA 
signal in patients with nonlesional TLE (25, 26, 28^2), with 
good correlation with EEG abnormalities and severity of 




FIG. 13.41. Spectroscopic plane and scout image for acquisition of MRS imaging. 
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cell loss. The results of published MRS studies suggest that, 
in patients with partial epilepsy, there is a metabolic abnor- 
mality throughout the brain, with patterns of asymmetry and 
focal accentuation that are useful for noninvasive localiza- 
tion of epileptogenic foci (25-39, 43^6). The MRS findings 
may have prognostic value for seizure outcome as well 
(39, 47, 48). 

Clinical correlative studies suggest that proton MRS may 
be extremely sensitive in detecting metabolic changes in 
dysfunctional epileptogenic regions. In a series of 100 con- 
secutive patients with TLE, Cendes et al. (31) reported 
abnormal NAA/Cr values in at least one temporal lobe in all 
but one patient; they were low bilaterally in 54%. The asym- 
metry between right and left sides of NAA/Cr lateralized 
86/93 (92.5%) of patients who had lateralization by ictal 
EEC There were seven patients with no clear lateralization 
by EEG. The MRS imaging lateralization was ipsilateral to 
the EEG in all but two patients who had bilateral TLE and 
bilateral AM-HF atrophy greater on the same side as the 
MRS imaging. Twelve of 13 patients with normal MRIVol 
had a significant decrease of NAA/Cr within the mesial tem- 
poral lobe ipsilateral to the ictal EEG focus (Fig. 13.42). 
Seven of these underwent surgery and the histopathology 
showed mild mesial temporal sclerosis. 

The above mentioned study (31) showed a direct correla- 
tion between the measure of NAA/Cr and MRI volumes of 
the hippocampus. However, another study by Kuzniecky et al. 
showed no correlation between the measure of hippocampal 
specific Cr/NAA and MRI volumes in 34 patients (238). 
Methodologic and statistical regional analysis differences 
may account for the discrepancy between studies. Some 
degree of dissociation between severity of NAA abnormal- 
ity and hippocampal volume or cell loss is not unexpected. 
This includes the finding of abnormal NAA measures in 



normal volume hippocampi (both ipsilateral and contralat- 
eral to site of seizure onset) and the reversibility or correc- 
tion of NAA abnormalities in patients who become seizure 
free after surgery (14, 15). 



Significance of Reduced NAA in Temporal Lobe 
Epilepsy: Histopathologic Correlations 

One of the major questions regarding MRS imaging in 
TLE is whether the observed NAA changes correlate 
directly with a reduction in neuronal populations. The only 
quantitative study to date that addresses this question was 
carried out in our laboratory. A total of 40 patients undergoing 
TLE surgery were studied with MRI volumes of the hippo- 
campus and quantitative neuronal/glial cell counts of the 
resected hippocampus. Autopsy controls were used for the 
neuropathologic studies. 

Correlations of hippocampal volumes with the hippo- 
campal neuronal/glial (N/G) ratios revealed a significant 
interdependence (r = 0.465, p < 0.01 ). Analysis of the Cr/NAA 
ratios from the patient's resected hippocampus with the CA 
N/G ratio of hippocampal samples independently or as a 
group showed no significant correlations (r = -0.04, p < 0.8). 

These findings indicate that hippocampal atrophy com- 
puted by MRI volumetry correlates with hippocampal N/G 
ratios in the resected hippocampus of patients with TLE. 
However, the metabolic measurements obtained with MRS 
imaging do not correlate with the same hippocampal N/G 
ratios. These findings suggest that the MRS metabolic meas- 
ures reflect neuronal and glial dysfunction rather than 
absolute neuronal cell loss as previously assumed. 

To our knowledge, this is the first study correlating quan- 
titative hippocampal histopathology and MRS imaging in 




FIG. 13.42. Spectroscopic imaging demonstrating abnormal CR/NAA in both temporal lobes in a patient with bilateral temporal lobe epilepsy. 
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temporal lobe patients. Our results are in disagreement with 
the findings of Due et al. (216) who reported a linear corre- 
lation between NAA concentrations and hippocampal scle- 
rosis. The above study however, included a small number of 
patients (n = 8) and it is likely that the data was influenced 
by restriction of range. More important, however, is the 
expected inaccuracy of the qualitative determination of hippo- 
campal sclerosis that may have resulted in an apparent 
correlation (216). 

Several animal and human studies support our findings 
that the metabolic ratios measured by MRS imaging do not 
directly reflect neuronal cell loss in epileptic tissue. First, 
data derived from volumetric-MRS imaging correlations 
have concluded that both techniques are lateralizing and 
concordant but the degree of metabolic change does not 
directly correlate with hippocampal volume loss (238). 
Second, PET studies suggest that the decreases in glucose 
metabolism do not correlate with CA1 neuronal cell loss 
(81). This could be secondary to the fact that hypometa- 
bolism in PET reflects synaptic density changes leading 
to hypometabolism rather than cell loss. Third, recent cor- 
relative studies suggest that PET hypometabolism and 
MRS changes do not directly correlate (207). 

Even more relevant to the results presented here, how- 
ever, is MRS data suggesting that the metabolic abnormali- 
ties may reflect neuronal-glial dysfunction rather than 
neuronal cell loss. A study reported metabolic abnormalities 
in regions that showed no significant neuronal cell density 
or N/G ratio differences when compared to control brain 
samples in patients with epileptogenic developmental mal- 
formations (214). Furthermore, a number of studies have 
indicated that, after cessation of seizures, MRS imaging 
metabolism normalizes in the peri-ictal region or in con- 
tralateral regions such as the hippocampus (9, 208). Finally, 
animal experiments suggest that NAA changes are detected 
prior to neuronal cell loss and reflect metabolic changes that 
can be reversible (208). Taken together, the lack of a direct 
relationship between the histopathologic findings and MRS 
imaging values and the results of previous studies strongly 
support the functional nature of the proton MRS metabolic 
changes in epilepsy. 

These findings support the concept that the metabolic 
dysfunction measured by MRS and the hippocampal volume 
loss detected by MRI volumetry do not have the same neuro- 
pathologic basis. These observations support the use of 
proton MRS imaging not only as a functional imaging tech- 
nique that provides lateralization in epilepsy but also as a 
tool that provides further information about the status of 
brain function. 

The spatial relationship between the NAA decrease and 
the underlying mechanisms causing neuronal damage is 
unclear. We often observe that spectra are abnormal in 
regions close to the epileptogenic temporal lobes. The 
results of MRS studies need to be carefully evaluated since 
reproducibility is important, especially in the context of minor 
metabolic differences (Fig. 13.43). It has been observed that 



the neuronal damage as measured by NAA can extend to 
areas at a distance from the lesion, and that the timing of the 
insult may contribute to the widespread neuronal damage (54). 
It remains to be seen if this is relevant for the severity of 
epilepsy. However, if we use the NAA signal as a parameter 
of neuronal function we may be able to understand how these 
variables inter-relate to each other. The side of maximum NAA 
reduction often coincides with the side of EEG abnormality. 

The relationship between interictal spiking and underly- 
ing neuronal function and epileptogenic state is unclear. 
Series et al. (55) showed a trend toward higher interictal 
spike frequencies on surface EEG in regions of pronounced 
neuronal metabolic damage or dysfunction. This suggests 
that both variables parallel an underlying pathologic sub- 
strate, although the pathophysiologic processes may be dis- 
tinct. On the other hand, Maton et al. (57) found that 
bilateral Cr/NAA abnormalities were three times as frequent 
as the detection of bitemporal interictal spikes. Figure 13.44 
shows bilateral temporal lobe abnormalities in a patient with 
asymmetric disease. Thus, as with PET and MRI Vol, meas- 
ures of interictal NAA disturbances do not appear to be 
completely linked with the EEG measure of neurophysio- 
logic epileptiform disturbance. 

Magnetic resonance spectroscopy may be helpful in the 
identification of the seizure focus in refractory focal 
epilepsy patients without obvious MR abnormalities. Some 
studies reported MRS metabolite abnormalities in patients 
with focal epilepsy, without obvious structural MR abnor- 
malities (91, 205, 239). They consisted of decreased NAA 
and increased Cho, lateralized to the seizure focus, similar to 
the patients with hippocampal sclerosis. However, the speci- 
ficity of these abnormalities has been questioned. Metabolic 
abnormalities have been found not only in seizure foci (234) 
but also in areas distant from the seizure focus (234), such 
as the contralateral temporal lobe (209). Figure 13.45 shows 
the contralateral involvement with contralateral NAA deficit 
in a girl with unilateral lesion on the MR. 



Contralateral MRS Abnormalities 

Bilateral temporal lobe MRS abnormalities have been 
found in up to 50% of TLE patients (205, 240). The signifi- 
cance of bilateral abnormalities is poorly understood, partly 
because pathologic specimens are rarely available from the 
temporal lobe contralateral to the seizure focus. However, 
autopsy studies suggest a high prevalence of bilateral hip- 
pocampal abnormalities in TLE patients (241, 242). This is 
consistent with quantitative MRI studies reporting the fre- 
quent occurrence of bilateral abnormalities (243, 244). It has 
been shown that contralateral NAA abnormalities measured 
by MRS are reversible with time, suggesting transient neu- 
ronal dysfunction (209). The presence of bilateral metabolic 
changes has been associated with poor postoperative seizure 
outcome (220, 245), in particular when the metabolic dys- 
function is worse in the contralateral areas of resection. 
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FIG. 13.43. Multiple spectra obtained from the temporal lobes in a control. These two spectra were obtained at different time intervals to study 
reproducibility effects. 




FIG. 13.44. Spectroscopic plane and image demonstrating unilat- 
eral metabolic abnormalities in a patient with unilateral temporal lobe 
epilepsy. Localization was obtained through these procedures. 



FIG. 13.45. Metabolite map of NAA/Cho ratios reveals an area 
larger than the MRl abnormal area, suggesting diffused pathology. 
(Courtesy of Dr T. Ng, UAB, Birmingham, USA.) 
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Widespread Proton Magnetic Resonance Spectroscopy 
Abnormalities 

Whereas the presence of bilateral temporal lobe abnor- 
malities may be consistent with the presence of independent 
bilateral foci, there is also the possibility that the contra- 
lateral changes may reflect abnormalities due to seizure 
spread. In severe TLE, functional abnormalities beyond the 
seizure focus have been documented by PET (246) and 
SPECT (247). Metabolite changes in brain lobes other than 
that harboring the seizure focus suggest that seizure spread 
may cause changes detectable by MRS. Widespread MRS 
abnormalities have been found in several studies (9, 235, 
238, 248-250). 

Our experience suggests that frontal lobe reduction of 
ml concentrations is observed in both TLE with hippo- 
campal sclerosis and in mild TLE (250) and may be due to 
either a short-term change following recent seizure activity 
or a cumulative effect of chronic seizures. A recent report 
has shown reduced frontal lobe NAA in severe refractory 
TLE (7). When compared to volumetric changes, also known 
to occur in brain lobes distant to the seizure focus, MRS 
abnormalities were not associated with volumetric deficits 
in the frontal grey and white matter (249). This suggests 
that the widespread MRS abnormalities in TLE may have 
a different origin from the widespread volumetric changes 
or that the metabolite changes may precede the structural 
changes. 

Proton MRS has proved to be a sensitive measure to 
detect metabolic pathologies in patients with TLE; however, 
it remains to be clarified whether this additional information 
adds to the overall management of the patient. With its high 
sensitivity, metabolite abnormalities in brain regions, dis- 
tinct from the seizure focus, can be detected and it remains 
difficult to disentangle which abnormalities are due to 
causes or consequences of seizures. Some indication can be 
taken from a large study performed on 82 patients with 
refractory TLE, which found in both the ipsilateral and con- 
tralateral temporal lobe an NAA/Cr ratio that was negatively 
correlated with the duration of epilepsy (207). Patients 
with frequent generalized tonic-clonic seizures had lower 
NAA/Cr than patients with no or rare generalized tonic- 
clonic seizures. This suggests that ongoing seizures may 
induce additional neuronal damage, which will progress in 
parallel to the duration of the epilepsy. 



Extratemporal Lobe Epilepsy and Proton Magnetic 
Resonance Spectroscopy 

In contrast to the numerous proton MRS studies of TLE 
patients, there are only few reports in other types of partial 
epilepsy (211, 251, 252). Support for frontal lobe involve- 
ment in 15 JME patients, in the form of reduced NAA, has 
been presented (252). These studies suggest that the poten- 
tial of correct seizure focus lateralization is less than in TLE. 



In one study comparing the coincidence rate between the 
seizure focus and the reduction of the NAA/Cr ratio, correct 
lateralization was present in 19 of the 21 TLE patients but 
only in four of the seven frontal lobe epilepsy patients (251). 
Widespread NA reduction was observed to be greatest at the 
seizure focus in a study of 20 patients with epilepsy of 
frontal or central/postcentral origin, suggesting that the 
MRS abnormalities in extratemporal epilepsy might there- 
fore not be localized enough to readily specify the seizure 
focus (211). Figure 13.45 shows bilateral frontal lobe spec- 
tra in a patient with focal cortical dysplasia, in which the 
direction of the MRS abnormalities suggested a pathology 
on the left side. 

In extratemporal lobe epilepsy, the seizure focus is usu- 
ally neocortical. In contrast, in patients with hypothalamic 
hamartoma, seizure onset is in the subcortical lesion (253, 
254). Patients with hypothalamic hamartoma usually have 
frequent gelastic seizures starting early in life and may show 
cognitive impairment and behavioral disturbances. 

Preliminary data suggests that MRS may be useful for the 
evaluation of other forms of partial epilepsies (40, 43, 44, 
54), including those associated with cortical developmental 
malformations (214). Li et al. (239) and Kuzniecky et al. 
(214) demonstrated that different types of cortical develop- 
mental malformation show different degrees of decrease of 
NAA. In cortical dysplasia, the relative NAA signal is very 
low. This disorder appears to result from abnormal neuronal 
and glial cell differentiation and proliferation, and the lesion 
contains structurally abnormal neurons with abnormal 
synaptic activity and connectivity, thus explaining the 
reduced NAA values. In polymicrogyria, where the NAA 
values were normal or slightly abnormal, the malformation 
is due to an abnormal cortical organization caused by a post- 
migrational insult and the neurons are mature. Heterotopia 
consist of a large number of neurons that failed to initiate or 
complete the migration process. In heterotopia, because of 
the high number of neurons, one would expect a relative 
increase of the NAA signal. This assumption is based on 
histopathologic studies showing normal-appearing neurons 
and on early fluorodeoxyglucose PET studies showing pat- 
terns of glucose uptake similar to normal cortex. However, 
proton MRS have shown NAA signal intensity to be vari- 
ably normal or abnormal in patients with heterotopia. This 
suggests that at least some of these apparently normal neu- 
rons are, in fact, dysfunctional. 

Our laboratory has also found (214) that patients with 
focal cortical dysplasia have a significant correlation 
between the metabolic abnormalities and the frequency of 
seizures but not with the degree of interictal EEG dis- 
charges. Quantitative neuronal and glial cell counts revealed 
no statistically significant correlation between cell loss and 
the abnormal metabolic ratios in those who underwent 
surgery. These findings suggest that MRS imaging-based 
metabolic abnormalities in patients with cortical develop- 
mental malformation are complex and influenced by a 
number of factors. 
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Phosphorus Magnetic Resonance Spectroscopy in 
Epilepsy 



Phosphorus-3 1 magnetic resonance spectroscopy allows 
evaluation of the energetic state of the brain, by providing a 
measure of nucleoside triphosphates (predominantly ATP), 
PCr, PMEs, PDEs and Pi in brain tissue (255). Figure 13.46 
shows phosphorus spectra in controls at 1.5 T versus 4.1 T. 
The information about the levels of high-energy phos- 
phate metabolites is derived from ATP and PCr. Typically 
the PCr/ ATP ratio is quoted as an indicator of the tissue 
energy status. While cerebral ATP is depleted only under 
severe metabolic conditions, changes in PCr have been 
observed with 3I P MRS following neuronal activity (256). The 
PME peak predominantly comprises phosphatidylethanol- 
amine and phosphatidylcholine (precursors of cell membranes 
(257)). The PDE resonance includes glycerophosphatidyl- 
choline (GPCh), glycerophosphatidylethanolamine (GPEth) 
and mobile phospholipids. The GPCh and GPEth represent 
membrane breakdown products (257) but the majority of the 
signal (>80%) probably originates from intracellular mobile 
phospholipids. Additionally, the chemical shift of the Pi 
resonance provides an excellent measure of intracellular pHi 
(258). Changes in the relative PME and PDE concentrations 
have been associated with membrane turnover (259). Figure 
13.10 shows phosphorus spectra obtained at very high field 
strength of 4. IT. 



31 P MR Spectra in Normal Human Brain 





FIG. 13.46. Phosphorus spectra obtained from a normal volunteer 
at 1 .5 T and 4.1 T. Note spectrum baseline improvement and enhanced 
spectral resolution at high field. 



Phosphoesters are of considerable interest because they 
represent precursors of membrane synthesis and breakdown 
products. However, these metabolites contain both protons 
and phosphorus in close proximity. The components absorb 
energy from each other, making their MR detection, differ- 
entiation, and quantification difficult. It is possible to 
increase the sensitivity and improve the differentiation of 
phosphoesters by simultaneously transmitting two radio fre- 
quency signals, one of which is tuned to the proton nuclei to 
disrupt the interaction between proton and phosphorus 
nuclei (known as decoupling). The increase in signal is more 
than 50%, which is sufficient to allow quantification of the 
different phosphoester components in the tissue. An added 
advantage of this technique is the reduction in time taken for 
data acquisition, reducing potential patient discomfort. 

In 3I P MRS studies of epilepsy patients, changes in PCr 
can be expected following neuronal activity (256). During 
and shortly after a seizure, changes in pHi and high-energy 
phosphates may be found (222). Interestingly, these meta- 
bolites have been reported to be abnormal in relatively 
seizure-free patients (34). 31 P MRS also provides information 
on mobile PME and PDE associated with membranes (260). 
3I P MRS has shown potential for lateralizing metabolic dys- 
function (34). Decreased PCr/Pi was observed in 65-75% of 
patients with TLE (261). This may relate to the timing of 
measurements relative to recent seizure activity. Altered 31 P 
metabolites and pHi have been reported in the postictal 
period. An important feature of the findings reported to date 
is that abnormalities are present in regions that are normal to 
a range of other measurements, including MRI. They may 
therefore be unique markers for an early stage of the 
processes by which normal neurons are recruited into the 
permanently epileptogenic neuronal population. 



TEMPORAL LOBE EPILEPSY AND PHOSPHORUS 
MAGNETIC RESONANCE SPECTROSCOPY 

Several groups have investigated a potential reduction in 
pH in patients with TLE (261, 262-264). In one study (262) 
there were significant differences between patients and con- 
trols with respect to the PCr/Pi ratio. However, no signifi- 
cant differences were found between patients and controls 
with respect to pH. In contrast, others have found an eleva- 
tion of pH, along with increased Pi and reduced PME in the 
ipsilateral temporal lobe (263, 264). Reduced ATP/Pi and 
PCr/Pi ratios in the temporal lobe were predictive for the 
side of the seizure focus in more than 70% of patients stud- 
ied (34). Overall, the results of these studies are controver- 
sial, although it appears that some phosphorus metabolite 
abnormalities are indeed present in the epileptogenic tem- 
poral lobe. Variations between the reports may originate 
from a difference in timing of the MRS study, relative to 
seizures. However, high field studies (4.1 T) with excellent 
spectral resolution have indicated that pH is indeed normal 
in the interictal state (Fig. 13.47). 
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FIG. 13.47. Phosphorus spectra from a patient with temporal lobe epilepsy. Note the abnormality in ATP/PCr and 
temporal lobe. 



OTHER NUCLEI FOR MAGNETIC RESONANCE 
SPECTROSCOPY IN EPILEPSY 

The increased SNR available with a high magnetic 
field allows the detection of less sensitive nuclei. MR 
spectroscopy performed at a magnetic field strength of 
3 T or above facilitates the use of other nuclei than protons 
and phosphorus. These nuclei include carbon ( 13 C), sodium 
( 23 Na) and fluorine ( 19 F). The low natural abundance of 
13 C can be used to advantage if enriched in exogenous 
metabolites. The metabolic fate of 13 C-labeled substrates 
can be followed to determine flux through metabolic 
pathways with the appearance of newly labeled metabolites 
in sequential spectra. For example, administration of 
13 C-labeled glucose and acetate can be used to study the 
TCA cycle and glutamine-glutamate cycling (265). 
Metabolite flux in such studies can also be used to 
determine the kinetics of the metabolic pathways (38). In- 
vitro 13 C MRS has already been used to show reduced 
glutamate-glutamine cycling in surgically resected tissue 
from epileptogenic hippocampus (72). This technique has 
also been used to examine other metabolite pathways in ani- 
mals (130) and it is likely that such studies eventually will 
be extended to humans. 

Studies including other nuclei are rare. There is only one 
23 Na study of epilepsy reported (266). This is an area yet to 
be examined with current high-field facilities. The nucleus 
,9 F is not naturally present in vivo and has yet to be used for 
the study of epilepsy in humans. However, there are studies 
using MRS of this nucleus in animal models of epilepsy 
(267) and other diseases to examine the fate of 19 F-labeled 
compounds (268). 



HIGH-FIELD MAGNETIC RESONANCE 
SPECTROSCOPY AND FUTURE 
DIRECTION 

Magnetic resonance spectroscopy, as an imaging tech- 
nique based on relatively low signal levels, benefits substan- 
tially by moving to a higher magnetic field strength scanner. 
High magnetic field strength scanners achieve a higher 
SNR, which is the ratio of the amplitude of the desired sig- 
nal to the amplitude of the noise that contaminates that sig- 
nal when it is measured. The improvement in SNR from 
doubling the operational frequency is dependent on the 
imaging sequence and the parameters used but is approxi- 
mately a factor of 1 .7 for a fixed scan time (269). In prac- 
tice, an increase in SNR allows shorter acquisition times for 
a given resolution, higher resolution for a given imaging 
time, or a combination of both. The dispersion of individual 
peaks contributing to a spectrum increases with magnetic 
field strength. Therefore, MRS gains in quality as the spec- 
tral dispersion and SNR increase with higher field magnetic 
strength, allowing separation of metabolite peaks that would 
otherwise not be distinguishable. In addition to improving 
the robustness of measured signal, one can also consider 
scanning with smaller voxel sizes. Figure 13.46 demon- 
strates the gain in quality of MR spectra from 1.5 T and 3 T. 
Overall, the increased SNR allows more precise quantifica- 
tion of common metabolites, and assessment of a broader 
range of metabolites, particularly for short echo time studies. 

The future lies in the development of new, faster MRS 
acquisition protocols (270, 271) as well as in the refinement of 
existing techniques. This should allow the use of techniques 
that would otherwise require acquisition times greater than are 
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practicable for human studies. This includes techniques such 
as spectral editing of ./-coupled resonances measured with sub- 
traction techniques such as those used for GABA (272, 273) 
and sequences that inherently detect only weak signals, such 
as those detected by multiple quantum techniques. An exam- 
ple of such a multiple quantum measurement is the measure- 
ment of intracellular sodium, rather than the total sodium 
signal obtained with a standard 23 Na MRS acquisition. These 
and related issues are discussed by Hetherington and Petroff in 
the previous sections of this chapter. 

Future developments in MRS may enable the technique 
to benefit the investigation of seizure generation by correlat- 
ing metabolism with interictal discharges (274, 275). MRS 
may also be of use in monitoring the progression of neu- 
ronal damage due to ongoing seizure activity (207). There is 
also the possibility that MRS will help to evaluate anti- 
convulsant therapy in vivo (276). 



CONCLUSION 

There is no doubt that 'H and 3I P spectroscopy detects 
relevant metabolite changes in patients with TLE. Numerous 
studies confirm reduction in NAA and in the ratio of phospho- 
creatine/Pi (277). In his 1999 review, Kuzniecky concluded 
that proton MRS, using single-voxel or chemical shift imag- 
ing, lateralized TLE in 65-96% of cases, with bilateral 
changes seen in 35-45% of cases, while phosphorus MRS 
showed a lateralizing PCr/Pi ratio in 65-75% of the TLE 
patients (278). There are indications that these changes are 
reversible with seizure treatment. Improvements in MRS tech- 
nology, such as the ability to calculate absolute concentrations, 
to account for differences between gray and white matter, and 
to achieve better spectral resolution by use of a higher mag- 
netic field strength, will now allow more extensive use of this 
'old' MR technique for patients with epilepsy (279, 280). 
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CHAPTER 14 

Single-photon-emission Computed Tomography in 
Epilepsy 

Christopher C. Rowe 



INTRODUCTION 

Ictal single-photon-emission computed tomography 
(SPECT) and positron-emission tomography (PET) are valu- 
able clinical tools in the management of patients with medi- 
cally resistant partial epilepsy who are under evaluation for 
surgical treatment. Both techniques provide useful and com- 
plementary data for localization of the seizure focus and are 
regularly employed in most epilepsy surgery centers. The sen- 
sitivity for detection of the seizure focus is higher than that of 
structural imaging (1) but, unlike MRI, these modalities give 
little indication of the underlying pathology. The clinical value 
of PET and SPECT is greater when co-registration with MRI 
is performed, not infrequently pointing to an area of subtle 
structural abnormality overlooked on the initial MR reading. 



BLOOD FLOW AND METABOLISM IN 
PARTIAL SEIZURES 

Interictal 

Between seizures, the interictal period, cerebral blood 
flow (CBF) and metabolism may be normal or reduced. A 
reduction in these indices in the epileptogenic temporal lobe 
is frequently present in patients with temporal lobe epilepsy 
(TLE), while interictal regional abnormalities are less common 
in other forms of epilepsy in the absence of a structural abnor- 
mality. The mechanism for reduced blood flow and metabolism 
is unexplained and its relationship to neuronal loss is unclear. 
The area of hypometabolism is often more extensive than 
that of demonstrable abnormality in resected specimens (2). 



The most common histologic abnormality in patients with 
mesial TLE is mesial temporal sclerosis, with loss of neu- 
rons and gliosis in the hippocampus and amygdala (3). In 
contrast to this localized abnormality, interictal hypoperfu- 
sion and hypometabolism may extend well into lateral tem- 
poral, frontal and parietal cortex (2). 



Ictal Blood Flow and Metabolism 

Regional cerebral blood flow (rCBF) in the epileptic focus 
increases by up to 300% during a seizure (4, 5). This pheno- 
menon was first observed by Horsley in 1892 and has subse- 
quently been documented in both humans and animal seizure 
models by a variety of techniques (6). The intra-arterial 
133 Xe clearance technique was the first noninvasive method 
that allowed observation of these changes in humans, but this 
approach was not suitable for routine ictal imaging (4, 7). 

More stable tracers such as HMPAO permit the study of 
ictal and postictal changes with more accuracy. In the imme- 
diate postictal period regional cerebral blood flow and 
metabolism are reduced to a greater extent than in the inter- 
ictal period (Fig. 14.1). The exact onset and duration of the 
postictal period is not strictly defined as the electrical, 
behavioral, metabolic, and blood flow features of this phase 
vary greatly in duration between individuals (8). 



PREOPERATIVE LOCALIZATION WITH SPECT 



Electroencephalography (EEG) remains the 'gold 
standard' laboratory investigation for seizure localization. 
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FIG. 14.1. SPECT demonstrating mild interictal right temporal lobe hypoperfusion (left panel), intense ictal hyperperfusion in the right temporal 
lobe with reduced perfusion in the left (middle panel), and marked postictal right lateral temporal hypoperfusion with residual anteromedial right 
temporal hyperperfusion (right panel). All studies are from the same patient with proven right TLE using Ceretec 8 (HMPAO).The postictal injec- 
tion was given 3 minutes after completion of the seizure. 



Ictal EEG from scalp electrodes does not permit confident 
localization in 40% of patients with TLE if used in isolation. 
However, in most patients confident localization can be 
achieved when ictal scalp EEG is supported by ictal clinical 
features and ancillary investigations such as MRI, ictal 
SPECT, and PET. In patients in whom investigations are 
contradictory, intracranial ictal EEG studies are performed. 
Serious complications including intracerebral hemorrhage 
and infection, although rare, have occurred following inser- 
tion of intracranial electrodes so noninvasive localization 
should always be attempted first. 



SPECT IN TEMPORAL LOBE EPILEPSY 
Optimal Image Presentation 

The complete three-dimensional data set provided by 
SPECT enables selection of optimal image planes. The 
temporal lobes are best viewed by reconstructing transaxial 
slices parallel to the temporal lobe with coronal slices 
perpendicular to this plane (9-11). The temporal lobes run 
forward at a downward angle of approximately 35° from 
the anterior-posterior commissure (AC-PC) line. The 
AC-PC line can be approximated by joining the bottom 
of the frontal lobe and the occipital lobe on a midline 
sagittal slice and the temporal lobe plane is then derived 
from this line. 

Asymmetry can be readily quantified in this plane 
using symmetrical regions of interest placed over the an- 
terior temporal lobes. Asymmetry is normally less than 
5%, while more than 10% is definitely abnormal. Region 
of interest quantification does not improve the sensitivity 
of seizure focus detection and is therefore usually only 
performed for research purposes (11, 12). Background sub- 
traction and color scales are useful to enhance the mild 
degrees of temporal lobe asymmetry typically seen with 
SPECT in TLE. 



Co-registration of SPECT with MRI is useful particularly 
for the interpretation of subtraction (ictal minus interictal) 
images. 



Interictal SPECT 

Interictal hypoperfusion was first demonstrated with 
SPECT in 1982 using 123 I iodoamphetamine and a dedicated 
single-slice SPECT device. Ictal hyperperfusion was also 
reported in the same study in several patients injected during 
seizures (13, 14). Since then many reports from seizure sur- 
gery centers have compared the results of interictal SPECT 
to ictal EEG localization or surgical outcome in patients with 
refractory temporal lobe epilepsy. A meta-analysis of these 
reports found that SPECT showed temporal lobe hypoperfu- 
sion on the side of the seizure focus in 55% and contralat- 
eral hypoperfusion leading to incorrect lateralization was 
present in 10% (15). SPECT studies in pediatric populations 
suggest similar clinical utility to adult studies. 

Interictal SPECT does not have the sensitivity or accuracy 
of FDG-PET, as interictal blood flow changes are less 
marked than metabolic changes (16-18). Several studies have 
found better results imaging glucose metabolism than blood 
flow in the same patients with the same PET camera (19-21). 



Interictal Variability 

An alternative explanation for the lower sensitivity of 
SPECT compared with FDG-PET is that interictal blood flow 
and metabolism may be quite labile. Up to 10% of patients 
demonstrate interictal hyperperfusion but interictal hyperme- 
tabolism has not been described (22, 23). In most patients, 
interictal CBF findings are reproducible but examples of 
interictal temporal lobe hyperperfusion on the first study 
and hypoperfusion in the same area on a subsequent SPECT 
study have been documented, suggesting that temporal lobe 
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perfusion may be labile in some individuals (12, 22, 24). 
The brain uptake of PET and SPECT blood flow tracers is 
principally a first-pass extraction process while FDG accu- 
mulates over 2(MM) min. A transient increase in temporal 
lobe blood flow and metabolism may not be detected by 
FDG studies and so may give a better indication of the 
hypometabolic steady state. Improved localization can be 
obtained by repeating a SPECT study when the first result is 
negative or unexpected, further suggesting that interictal 
temporal lobe activity is variable (25). 



Patterns of Hypoperfusion 

The degree and extent of hypoperfusion, like that of 
hypometabolism, varies greatly from one individual to 
another. It most commonly involves the anterior pole of the 
temporal lobe and medial temporal region but involvement of 
lateral temporal cortex and ipsilateral frontal and parietal 
cortex is not uncommon. On occasion, hyperperfusion is 
observed. The degree of unilateral temporal lobe hypoperfu- 
sion correlates with the age at onset of seizures but not seizure 
frequency, patient age, or the likelihood of secondary general- 
ization (12). The presence of left temporal lobe hypoperfusion 
reduces the risk of a postoperative decline in verbal short-term 
memory function after a left temporal lobectomy (26). 



The Clinical Role of Interictal SPECT 

Interictal SPECT has limited clinical value relative to other 
imaging procedures that have greater sensitivity and speci- 
ficity, such as PET and MRI. There is less contrast between 
normal and abnormal areas with SPECT compared with PET 
and aggressive reading to improve sensitivity increases false 
localization. The main role for interictal SPECT is to aid 
interpretation of ictal SPECT studies by providing a baseline 
for visual comparison or image subtraction (Fig. 14.2). 
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FIG. 14.2. Right temporal lobe epilepsy. Neurolite® (ECD) was injected 
during a seizure. Top row: Ictal SPECT. Middle row: Interictal SPECT. 
Bottom row. Subtraction of interictal from ictal SPECT images. 



wastage on days when seizures do not occur, so some cen- 
ters continue to use standard Ceretec® unless the seizures 
are suspected to be of extratemporal lobe origin or short 
duration. Those centers that have the shortest delay between 
seizure onset and injection of tracer have constant close 
observation of the patient by an EEG technologist or a nurse 
who gives the injection of tracer. Average injection delays 
of 10-30 seconds from seizure onset to injection are now 
achieved in many centers. 



Sensitivity 



ICTAL AND POSTICTAL SPECT 

Ictal studies are obtained with injection during the elec- 
trical or clinical manifestation of a seizure. Postictal studies 
are obtained by injection after completion of a seizure. 
Some authors use the term 'perwcfaZ' to refer to the ictal and 
early postictal phase given the variability of this period. The 
high first-pass extraction of 99m Tc-exametazine (Ceretec®) 
and 99m Tc-ECD (Neurolite®) with prolonged retention makes 
imaging of ictal cerebral blood flow feasible with these 
agents. 123 I iodoamphetamine (IMP) and 123 I-HIPDM are 
also suitable radiopharmaceuticals for ictal SPECT imaging 
but are more costly and less readily available. IMP, ECD, 
and stabilized Ceretec® do not require bedside reconstitution 
immediately prior to injection, permitting faster injections 
and less staff training. However, cost may be an issue due to 



Over 500 patients with unilateral temporal lobe epilepsy 
proven by ictal EEG, MRI, and other ancillary investigations 
or by seizure-free surgical outcome have been studied with 
ictal SPECT and the results published (10, 11, 25, 27-34). 
Correct identification of the seizure focus was achieved in 
over 90%, with incorrect lateralization in fewer than 5%. 
In ^postictal series, with injection given on average 4 minutes 
after seizure onset, correct localization was achieved in 70%, 
with incorrect localization in fewer than 5% (8). 



Patterns of Ictal Cerebral Blood Flow 

Temporal lobe hyperperfusion will be seen with injection 
given during the seizure or up to 30 seconds after seizure 
completion (35). The area of hyperperfusion is variable but 
typically involves the anterior pole and medial temporal 
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FIG. 14.3. Right temporal lobe seizure focus with ictal SPECT 
demonstrating bilateral changes. Interpretation of ictal SPECT may 
be difficult even in otherwise straightforward cases. This patient had 
right hippocampal sclerosis on MRI. Ictal SPECT showed hyper- 
perfusion in the anterior part of both temporal lobes and widespread 
ictal hypoperfusion in the frontal lobes and parietotemporal areas. 
In this case both features were more apparent on the right and there- 
it with right TLE. 



lobe with a variable degree of lateral temporal cortex. Often, 
it is extensive and involves the anterior half of the temporal 
lobe. Hyperperfusion of the ipsilateral basal ganglia is com- 
mon and correlates well with dystonic posturing of the con- 
tralateral arm during the seizure (36). Hyperperfusion of 
lesser extent may also be seen in the ipsilateral thalamus. 

Propagation of the seizure also frequently leads to a vari- 
able degree of hyperperfusion in the contralateral medial 
temporal lobe (37). This is usually less extensive and of less 
intensity than in the temporal lobe from which the seizure 
originates (Fig. 14.3). Involvement of the ipsilateral insula 
cortex and basal frontal lobe is not infrequent. Secondarily 
generalized complex partial seizures will show unilateral 
blood flow increase if injection is given before generaliza- 
tion or if the seizure remains predominantly lateralized to 
one hemisphere. In such circumstances, hyperperfusion may 
be seen in the temporal lobe, ipsilateral motor cortex, basal 
ganglia and thalamus, and contralateral cerebellar cortex. 

Ictal hyperperfusion is seen both with mesial temporal 
sclerosis and seizures as a result of structural lesions such as 
low-grade temporal lobe tumors, although the distribution is 



sometimes unusual with the latter. One study found that for- 
eign tissue lesions in the lateral temporal lobe were likely to 
show bilateral temporal lobe hyperperfusion, although greater 
on the side of the lesion (38). It is postulated that spread 
from the lateral cortex to the contralateral amygdala occurs 
through the anterior commissure. Posterolateral temporal lobe 
foci are also said to show more extensive hyperperfusion in 
the lateral cortex compared to medial temporal lobe foci (39). 
Involvement of the temporoparieto-occipital junction should 
raise the possibility of a posterior temporal focus. 



Patterns of Postictal Cerebral Blood Flow 

The area of ictal hyperperfusion is usually surrounded by 
hypoperfusion. The latter becomes the predominant feature 
in the postictal period and may extend widely to involve the 
entire ipsilateral hemisphere and the contralateral temporal 
lobe. Postictal hyperperfusion, if present, is usually restricted 
to the anteromedial temporal lobe and is rarely seen more 
than 5 minutes after seizure completion (8, 11, 35). The tim- 
ing of the switch from an ictal to a postictal pattern of perfu- 
sion varies between individuals, as does the duration of the 
postictal change (8, 35). Postictal changes are more fre- 
quently bilateral and this, plus rapid resolution in some indi- 
viduals, accounts for the reduced sensitivity of postictal 
imaging compared with ictal injection (8). The earlier the 
injection, the greater the chance of detecting useful blood 
flow changes. Injection more than 5 minutes from seizure 
completion will substantially reduce sensitivity. 

Unilateral hyperperfusion has been reported in patients 
with independent bilateral temporal lobe foci. Bilateral tem- 
poral lobe ictal hyperperfusion in a patient with a unilateral 
focus is occasionally seen but less often than would be 
expected given the frequent spread of seizure activity to the 
contralateral temporal lobe on depth electrode recordings. 
In such cases, the side of greatest hyperperfusion usually 
correlates with the seizure focus. 



SPECT IN EXTRATEMPORAL LOBE EPILEPSY 

Intractable partial seizures may arise from a focus outside 
the temporal lobes. In most cases, there are clinical, MRI 
or EEG features that differentiate these seizures from TLE. 
In the absence of a causative structural lesion on MRI, such 
as a tumor or focal area of cortical dysplasia, localization of 
the focus is difficult. Such patients require extensive 
intracranial monitoring with subdural electrode grids and 
intracerebral depth electrodes. Despite these investigations, 
the focus may not be found and the results of surgery are not 
as good as those achieved with temporal lobe surgery. 

It is in this challenging environment that FDG PET and ictal 
SPECT may have their greatest value. Accurate co-registration 
with MRI may permit detection of subtle structural abnor- 
malities such as an area of cortical dysplasia and subtrac- 
tion of interictal from ictal SPECT images is often useful. 
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FIG. 14.4. Ictal SPECT in left frontal lobe epilepsy. In this patient both 
MRI and FDG PET were unable to localize the seizure focus. 



Very early ictal injection is vital to minimize the confound- 
ing effects of seizure propagation. 

Ictal SPECT studies may show focal hyperperfusion 
and are useful to differentiate temporal from extratem- 
poral epilepsy, confirm the epileptogenicity of a struc- 
tural lesion, and guide intracranial electrode placement in 
nonlesional cases (11, 33, 4(M13). In a report of 41 non- 
lesional neocortical epilepsy cases, PET identified the focus 



in 43% and ictal SPECT in 33% (44). In another report of 
117 neocortical epilepsy cases, MRI found a relevant abnor- 
mality in 60%, PET in 78%, and ictal SPECT in 70% (45). 

In frontal lobe epilepsy, ictal hyperperfusion has been 
demonstrated in various parts of the frontal lobes and is 
frequently accompanied by ipsilateral basal ganglia and 
contralateral cerebellar hyperfusion (41) (Figs 14.4, 14.5). A 
correlation between the site of frontal lobe hyperperfusion and 
different ictal clinical features has been shown (42). In parietal 
lobe epilepsy, ictal SPECT may show anterior parietal hyper- 
perfusion when the ictal clinical features are characterized by 
sensorimotor manifestations and posterior parietal hyperper- 
fusion when the seizures are psychoparetic in type (46). 

In occipital lobe epilepsy, propagation of the seizure to 
one or both temporal lobes usually occurs. Very early ictal 
injection is required to find a focus in occipital lobe epilepsy 
and to avoid incorrect localization to the temporal lobe 
(Fig. 14.6). A study of 17 occipital lobe cases found PET 
identified the focus in 60% but ictal SPECT showed focal 
occipital hyperperfusion in only 29% but ipsilateral hyper- 
perfusion in 76% predominantly in the temporal lobe (47). 

Focal tonic seizures are thought to arise from the supple- 
mentary motor area. They are often of short duration so 
that true ictal SPECT is difficult to obtain. In one study of 
1 5 patients with focal tonic seizures, ictal SPECT confirmed 
the location of the seizure focus in only 40% despite injec- 
tion within 30 seconds of onset (48). 




FIG. 14.5. Left frontal lobe seizure focus with co-registration of subtraction image and MRI. 
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FIG. 14.6. Early, mid, and late ictal SPECT in 
and the decline in occipital lobe uptake as thi 



i patient with a left occipital lobe seizure focus. Note the extensive temporal lobe hyperperfusion 
seizure progresses and recruits the temporal lobes. 



Subtraction of interictal from ictal SPECT images with the 
difference image co-registered to the patient's MRI is import- 
ant for detection of the seizure focus in extratemporal lobe 
seizures. Many centers have reported improved sensitivity 
using this technique compared to visual side-by-side compar- 
ison of interictal and ictal images (49-5 1 ). This technique has 
also been reported to identify cortical dysplasia associated 
with dysembryoplastic neuroepithelial tumors (DNET) (52). 



FDG PET and Ictal SPECT Compared 

Several reports have directly compared the performance 
of PET and ictal SPECT for seizure focus lateralization. In 
a study of 35 patients with TLE, ictal SPECT was margin- 
ally more sensitive than FDG PET for the lateralization of 
the focus, 89% versus 83% (53). In another report, FDG 
PET was marginally more sensitive than either ictal SPECT 
or MRI in 1 17 cases of neocortical epilepsy, with sensitivi- 
ties of 78%, 70%, and 60% respectively (45). In one study 
of 41 nonlesional neocortical epilepsy patients, FDG PET 
and ictal SPECT had the same sensitivity of 56% but were 
described as complementary (44). Similar sensitivity was 
reported for both modalities in another report of 36 patients, 
although it defined the ictal SPECT seizure focus by focal 
hypoperfusion as well as hyperperfusion (30). 

It therefore appears that interictal FDG PET and ictal 
SPECT have similar accuracy in seizure focus localization 
but may be complementary as one modality may be positive 
in a particular patient when the other is not. 



Ictal SPECT and Surgical Outcome 

In contrast to PET there is little data on the predictive 
value of ictal SPECT for seizure-free surgical outcome. 
A report of surgical outcome in 36 patients with extratem- 
poral epilepsy found that concordance of SISCOM SPECT 



(subtraction of MRI co-registered interictal from ictal images) 
with the site of surgery had independent predictive value over 
MRI and scalp ictal EEG for excellent seizure control (54). 



OTHER SEIZURE DISORDERS 

Intractable Neonatal and Early Infantile Seizures 

Intractable seizures in this age group are associated with 
a poor prognosis and the seizures may contribute to the pro- 
gressive neurologic deficit often seen in these children. Ictal 
SPECT has been used to investigate infants with infantile 
spasms (West's syndrome). While most showed diffuse 
changes, one-third showed focal cortical hyperperfusion (55). 
Hemispherectomy is employed in some patients with cata- 
strophic seizures and contralateral hemiparesis. A favorable 
outcome is strongly predicted by abnormal blood flow or 
metabolic findings restricted to the side of surgery (56). 



Lennox-Gastaut Syndrome 

Lennox-Gastaut syndrome is a secondary generalized 
epileptic encephalopathy of childhood characterized by a 
variety of refractory seizure types including tonic, atonic, 
atypical absence and secondarily generalized tonic-clonic 
seizures, episodic slow spike and wave on EEG, and intel- 
lectual and behavioral difficulties. PET and SPECT studies 
of these patients have found a variety of abnormalities, both 
unifocal and multifocal, generalized reductions in metabolism 
and perfusion, and normal scans (57, 58). In the absence 
of a structural abnormality, the most common finding is dif- 
fuse hypometabolism. In some centers, surgical treatment 
is guided by PET and EEG findings with focal resection 
employed in those with a clearly defined focal abnormality. 
However, most centers do not use SPECT or PET in these 
patients since the yield for localization is very low. 
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Rasmussen's Syndrome 



OTHER APPLICATIONS 



Rasmussen's syndrome, also known as smoldering 
encephalitis, is a rare form of childhood epilepsy character- 
ized by intractable partial seizures and progressive hemi- 
paresis. The only effective treatment is hemispherectomy 
although some patients have responded to antiviral therapy. 
SPECT shows focal or regional hypoperfusion or hyperper- 
fusion (Fig. 14.7), which may be useful in defining a site for 
biopsy to confirm the diagnosis (59). 



Gelastic Epilepsy and Hypothalamic 
Hamartoma 

Laughing seizures (gelastic epilepsy) is classically due to 
hypothalamic hamartoma. Removal of the hamartoma is 
surgically challenging but if resection is complete the 
seizures are usually cured. Ictal SPECT demonstrates 
hyperperfusion of the hamartoma, confirming the etiology 
of the seizures (60), although, in some cases, propagation to 
cortical areas may be misleading, particularly if very early 
ictal injection is not obtained. 



Pseudoseizures 

A common cause of apparently intractable epilepsy is 
pseudoseizure - seizure-like episodes that have a psycho- 
logical basis. Up to 20% of patients admitted to seizure 
monitoring units for seizure characterization are found to 
have this problem. In the majority of cases distinction from 
genuine epilepsy can be readily made from observation of 
the episodes and surface EEG. In some cases diagnosis can 
be difficult and ictal SPECT imaging is useful. Vigorous 
voluntary motor activity does not induce rCBF increases of 
the same magnitude as seen with genuine partial seizures 
(61). Subtraction images appear to be more specific when 
using SPECT to support the diagnosis (62). 



Unilateral Amytal Hemispheric Anesthesia 
(Wada Test) 



The Wada test is employed in many patients prior to sur- 
gery for refractory epilepsy. Sodium amytal is injected into 




FIG. 14.7. Ictal and interictal SPECT in Rasmussen's encephalitis. 
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the internal carotid artery to induce a temporary state of 
hemianesthesia during which language and memory func- 
tion of the unaffected hemisphere are tested. The memory 
function of the temporal lobe to be removed can be tested 
during contralateral hemianesthesia. Memory impairment 
then indicates temporal lobe dysfunction and provides 
indirect support for it being the seizure focus. 

Much of the hippocampus is supplied by the posterior 
cerebral circulation and it is unclear if medial temporal 
structures are adequately anesthetized by intracarotid 
injection. Crossflow into the contralateral hemisphere 
may also complicate interpretation. Exametazime (HMPAO) 
injected through the arterial catheter clearly defines the 
distribution of amytal and has revealed crossflow not seen 
on angiography (63). Alternatively, it can be given intra- 
venously shortly after the amytal to define the extent of 
cerebral suppression. Intravenous injection should be 
delayed for 30 seconds after the clinical effects of the 
amytal become apparent (64). A 25% or more reduction of 
regional brain activity is then seen and test results can 
be interpreted with knowledge of the location and extent of 
the amytal effect (64, 65). 



NEURORECEPTOR IMAGING IN EPILEPSY 
Benzodiazepine Receptor Studies 

The benzodiazepine receptor and the gamma-amino- 
butyric acid (GABA) receptor form different parts of the 
same ionophore complex and both benzodiazepine and 
GABA-agonists inhibit brain activity. Several anticonvul- 
sant drugs act through this mechanism. 

A focal reduction in benzodiazepine receptors in tem- 
poral and extratemporal lobe foci has been demonstrated with 
PET and SPECT using the benzodiazepine receptor antag- 
onist flumazenil labeled with "C or the iodinated derivative 
123 I iomazenil (66). n C flumazenil PET can detect the 
benzodiazepine receptor density changes of hippocampal 
sclerosis and may be more sensitive than FDG-PET and 
MRI in detecting this pathology (67). In a study of post- 
surgical outcome after resection of neocortical seizure foci, 
the initial extent of reduced flumazenil binding and the 
amount of residual flumazenil abnormal cortex after resec- 
tion were inversely correlated with success. The same was 
not true for FDG PET (68). 

Iodine- 123 iomazenil allows imaging of these recep- 
tors with SPECT. A multicenter European study found 
a reduction in benzodiazepine receptor binding with 
this agent at the presumed seizure focus in 72% of 92 
patients with a variety of seizure types (69). However, in 
a study comparing n C flumazenil PET, FDG PET and 
123 I iomazenil SPECT, the latter performed poorly (70). Like 
n C flumazenil PET studies, 123 I iomazenil SPECT may be 
a useful way to distinguish lateral from medial temporal 
lobe foci (71). 



Cholinergic Receptor Studies 

A reduction in binding of the muscarinic cholinergic 
receptor antagonist 123 I-iododexetimide has also been 
reported in TLE, usually localized to the area of hippo- 
campal sclerosis (72, 73). 



The Clinical Role of Neuroreceptor Studies 

Neuroreceptor imaging with SPECT and PET is providing 
new insights into the biology of focal seizures. To date, avail- 
able data suggest a complementary role for metabolic and 
receptor imaging in seizure focus localization in selected 
patients, particularly in those with extratemporal lobe seizures. 



IMAGE ANALYSIS IN SPECT 
SISCOM 

Subtraction ictal SPECT with co-registration on MRI 
(SISCOM) is an elegant way to display ictal SPECT data. It 
has the advantage of anatomic correlation and may highlight 
an area of relative hypoperfusion or hypoperfusion not 
readily apparent on visual inspection. The SISCOM method 
as introduced by the Mayo Clinic group requires image 
smoothing with a third-order Metz filter on a 64 by 64 grid, 
normalizing the ictal and interictal SPECT scans to mean 
cerebral pixel counts, applying a user-chosen threshold to 
isolate cerebral cortex voxels, filling the ventricles using 
math morphology, and subtracting only the nonzero pixels. 
The scans are aligned with Wood's automated image regis- 
tration (AIR) algorithm (49). The Mayo group have found 
that AIR and mutual information alignment both work well 
and are superior to surface matching (74). 

However, small degrees of edge misalignment will result in 
large signals at gray-white matter junctions and the outer cor- 
tical edge. Experience and comparison back to the nonsub- 
tracted images are needed to sort the noise from the areas of 
true ictal hypoperfusion and ictall postictal hypoperfusion. 
Attempts have been made to reduce the noise in the subtrac- 
tion images by compensating for the variation seen with paired 
interictal studies. The methods employed have used nonlinear 
intersubject registration to combine a group of subtraction 
images into standard anatomic space. The patient subtraction 
image was also nonlinearly registered to standard anatomic 
space and a voxel by voxel statistical comparison using statis- 
tical parametric mapping (SPM) or a similar method was 
performed. Although this has been reported to improve sub- 
traction image quality, there are no data indicating that it 
improves the accuracy of seizure localization (75, 76). 

Some authors claim a dramatic improvement in accuracy 
of localization compared to side-by-side visual comparison 
of interictal and ictal SPECT images (49, 77). However, in 
these papers the localization rates with side-by-side visual 
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comparison were less than 50% even in the unilateral TLE 
patients. Furthermore, there was very poor correlation 
between the readers. These results are not consistent with 
the vast majority of papers on ictal SPECT. It is my experi- 
ence that SISCOM can improve confidence when interpret- 
ing subtle blood flow changes in extratemporal lobe epilepsy 
and can draw attention to areas overlooked on the initial 
visual inspection. However reliance on SISCOM images 
alone is not recommended, as imprecise co-registration of 
images will generate misleading subtraction results (51). 



Statistical parametric mapping 

Statistical parametric mapping is an image analysis tool 
that assesses the significance of cerebral blood flow changes 
on a voxel-by-voxel basis by automated statistical compari- 
son to a group of normal subjects. SPM can be used to ana- 
lyze ictal SPECT, either by comparison to a normal control 
group (78, 32) or comparison of a subtraction image to 
images of variation between repeated scans in normal sub- 
jects (76). While the feasibility has been demonstrated, there 
is as yet no evidence of improved accuracy for SPM analy- 
sis verses visual side-by-side or subtraction analysis. 
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Positron-emission Tomography in Epilepsy 



Csaba Juhasz, Diane C. Chugani, Otto Muzik and Harry T. Chugani 



POSITRON-EMISSION TOMOGRAPHY OF 
BRAIN GLUCOSE METABOLISM 

Basic Technique and Principles 

Positron-emission tomography (PET) is a noninvasive 
functional imaging method of measuring local chemical 
functions in various body organs. In the brain, PET has been 
applied in the study of local glucose and oxygen utilization, 
blood flow, protein and DNA synthesis, as well as neuro- 
transmitter synthesis, uptake and receptor binding. Unlike 
structural cerebral imaging studies, PET images are func- 
tional representations of various aspects of brain activity. 
PET can be used to measure baseline functional activity as 
well as physiologic or pathologic changes and responses 
(e.g. elicited by behavioral or pharmacologic manipulations) 
in cerebral activity. 

The PET technique employs a camera consisting of 
multiple pairs of oppositely situated detectors, which are 
used to record the paired high energy (5 1 1 keV) photons 
traveling in opposite (=180°) directions as a result of 
positron decay (1, 2). The size and cross-sectional geometry 
of the detectors largely determine the spatial accuracy of 
the localization of the positron-emitting source. Tracer 
kinetic models that mathematically describe physiologic or 
biochemical reaction sequences of compounds labeled with 
positron-emitting isotopes permit a characterization of the 
kinetics and the mathematical expression for calculating 
actual rates of the biologic process being studied (3). The 
amount of activity measured in an organ depends on the 
kinetics of the metabolic process, the transport properties 
between the blood and the cellular site of the process, and 
the amount and time course of delivery of the activity to the 
organ by the blood (1). 



The most widely available PET tracer is 2-deoxy-2[ 18 F] 
fluoro-D-glucose (FDG) to measure glucose metabolism of 
various organs. FDG is also the most commonly used tracer 
for epilepsy studies, although several other tracers have been 
used or proposed to image the epileptic brain (Table 15.1). 
FDG is similar to 2-[ 14 C]deoxyglucose, an analog of glucose 
and a tracer used in autoradiography studies of various 
animals used in laboratory experiments. In FDG, hydrogen 
on the number 2 carbon is substituted with the positron 
emitter 18 F (half-life: llOmin). 

FDG is transported in tissue and phosphorylated to FDG- 
6-phosphate in the same manner as glucose. However, FDG- 
6-phosphate is not a substrate for the next reaction step of 
glycolysis, and also not a significant substrate for glycogen 
synthesis or for the pentose shunt. Thus, since it cannot 
immediately leave the cell, phosphorylated FDG gets 
trapped without significant further metabolism, and its loca- 
tion and amount can be measured by PET as the 18 F decays. 
FDG is similar to glucose in its plasma to tissue transport 
and phosphorylation; thus, under steady-state conditions, 
FDG uptake reflects the utilization rate of exogenous glu- 
cose. In the brain, this rate is highly related to the synaptic 
density and functional activity of the brain tissue. 

In order to quantify the measured process, e.g. to deter- 
mine absolute glucose metabolic rates in various brain 
regions using FDG PET, it is necessary to perform inde- 
pendent measurements of the activity as a function of time 
in the arterial blood. Unlike for PET measurements of many 
other functions, accurate estimation of local cerebral meta- 
bolic rates can be achieved by obtaining a single set of PET 
images, provided that the arterial input function (from either 
timed arterial blood samples or dynamic PET scanning of 
the left ventricular blood pool) has been acquired. When 
analyzing pediatric PET scans, however, one has to keep in 
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TABLE 15.1. PET Tracers and Their Clinical Use in Epilepsy 



Isotope 


Half-life 


Tracer 


Target Function 


Change in 


Epileptic Focus 


Clinical Use 


18F 


109min 


2-deoxy-2[ 18 F]fluoro-D-glucose 


Glucose metabolism 


Interictal decrease* 


TLE (nonlesional) 






(FDG) 




Ictal increase 


ETLE 














Childhood epilepsy 






18 F-cyclofoxy 


Mu and kappa opiate receptors 


Increase 




n.e. 


11 C 


20min 


[ 11 C]-flumazenil 


GABA A receptors 


Decrease 




TLE/dual pathology 
ETLE 






a[ 1 1 C]-methyl-L-tryptophan 


Tryptophan metabolism to 
serotonin or quinolinic acid 


Increase 




Tuberous sclerosis 
ETLE 






["C]FCWAY 


5-HT 1A receptors 


Decrease 




n.e. 






(S)-[/V-methyl-[ 1 1 C]ketamine 


NMDA receptors 


Decrease 




n.e. 






[ 11 C]doxepin 


Histamine H, receptors 


Increase 




n.e. 






[ 11 C]carfentanil 


Mu opiate receptors 


Increase 




n.e. 






[ 11 C]methyl-naltrindole 


Delta opiate receptors 


Increase 




n.e. 



mind that absolute metabolic rates undergo major physio- 
logic changes during brain development, with a temporary 
increase of brain metabolism above normal adult levels fol- 
lowed by a gradual decline to reach adult levels by the end of 
adolescence (4, 5). Furthermore, in patients with epilepsy, 
absolute glucose metabolic rates can be affected (usually 
decreased) by antiepileptic drugs (such as barbiturates, 
phenytoin, carbamazepine, benzodiazepines, or valproate) 
(6-8). These effects can be diminished by calculating meta- 
bolic rates normalized to the whole brain metabolism. 

In clinical practice, however, absolute quantification is 
not always necessary. Since the regional pattern of cerebral 
glucose metabolic is largely fixed after 1 year of age (5), 
focal decreases or increases in FDG uptake can be reliably 
identified using activity images without calculating absolute 
glucose metabolic rates. In patients with unilateral seizure 
foci (that are potential candidates for epilepsy surgery if the 
seizures are medically intractable), use of asymmetry 
indices created from activity measured in various portions of 
the presumed epileptic hemisphere and from the contralat- 
eral homologous brain regions is a simple and sensitive 
method of detecting focal functional abnormalities of corti- 
cal and subcortical structures of the epileptic brain. 



Clinical Use of FDG Positron-emission Tomography 
Studies in Epilepsy 

Temporal Lobe Epilepsy 

Initial FDG PET studies were performed more than two 
decades ago in patients with intractable complex partial 
seizures of temporal lobe origin, and showed localized glucose 
metabolic changes (interictal hypometabolism) that apparently 
coincided with the general location of the electroencepha- 
lography (EEG)-defined epileptic focus (Fig. 15.1) (9-11). 



The sensitivity of PET to identify the epileptogenic temporal 
lobe has significantly improved, and is estimated to be around 
85-90% or even beyond (12-15), largely as a result of the 
application of high-resolution scanners and advanced analytic 
methods. FDG PET can show relative temporal hypometa- 
bolism in more than 50% of patients with nonlateralized 
surface ictal EEG findings (16). Thus, application of PET in 
the evaluation of patients with intractable epilepsy has had a 
significant impact on management (16-18). In many cases, 
use of FDG PET could replace invasive EEG monitoring 
(depth electrodes) that, before the widespread application of 
advanced MRI techniques, was often otherwise inevitable. 

Recent advances in analysis techniques of MRI (including 
application of fluid attenuation recovery techniques, hippo- 
campal volumetry, and proton magnetic resonance spec- 
troscopy) have led to very reliable noninvasive detection of 
hippocampal sclerosis by MRI, eliminating the need for func- 
tional imaging or invasive EEG monitoring in the majority of 
patients with temporal lobe epilepsy (TLE). In fact, FDG PET 
rarely provides additional clinical information when hippo- 
campal atrophy is obvious on MRI (13). Therefore, PET is 
now generally reserved for those cases in which MRI fails to 
provide the necessary lateralization information. A recent 
study has lent support to this by showing that FDG PET is 
indeed able to lateralize the epileptic focus in TLE patients 
with subtle or absent quantitative MRI abnormalities (19). 
This study also demonstrated that glucose metabolism in 
medial temporal structures is often reduced over and above 
the severity of histopathologic changes, although the patho- 
mechanism of hypometabolism remains to be determined. 

A recent study on children with new-onset seizures found 
lower incidence of focal hypometabolism than expected 
from previous data obtained from patients with long-term, 
intractable epilepsy (20), suggesting that at least some of the 
hypometabolic areas may be the consequence of repeated 
seizures rather than simply indicating an area that is the 
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FIG. 15.1 . FDG PET in left temporal lobe epilepsy. A. Severe hypometabolism in the left temporal region 
that corresponded to a developmental lesion (arrowhead) in a 10-year-old girl. Milder hypometabolism 
involving superior temporal, parietal and prefrontal cortex can be also seen (arrows). B. The three- 
dimensional surface reconstruction demonstrates the extent of hypometabolism (areas with more 
than 10% decrease of glucose metabolism as compared to contralateral homologous regions are 
indicated in red). Intracranial EEG monitoring with subdural grids demonstrated that the seizures 
originated from the inferior-medial temporal region, with occasional spread to the inferior frontal 
cortex. However, no independent epileptiform activity occurred in the frontal cortex and the large 
hypometabolic frontal area was 'silent' electrophysiologically. 



primary site of seizures. Postoperative recovery of hypo- 
metabolism in remote areas in the frontal lobe after success- 
ful resection of the temporal focus (21, 22), also suggests 
that some of the hypometabolic areas are largely functional 
and potentially reversible if the primary epileptogenic 
region is excised. 

It has been extensively demonstrated that interictal 
hypometabolic regions are not strictly confined to the pre- 
sumed temporal epileptogenic zone or to the brain tissue 
showing pathologic changes, but commonly extend beyond 
temporal structures (12, 13, 23-25). Additional brain 
regions most commonly demonstrating interictal hypo- 
metabolism in TLE include ipsilateral parietal and frontal 
cortex as well as thalamus (Fig. 15. IB); these remote corti- 
cal regions, however, rarely show epileptiform activity on 
EEG and their resection is usually not necessary to alleviate 
seizures. Nevertheless, intracranial EEG studies should 
address extratemporal cortex with hypometabolism in cases 
where scalp ictal EEG abnormalities are not strictly con- 
fined to the temporal lobe but show a wider field potentially 
involving these extratemporal regions. 

In addition to commonly extending beyond epileptogenic 
brain regions, the actual degree of glucose metabolic 
changes depends on the physiologic state of the tissue. For 
example, seizures during the tracer uptake and even frequent 
interictal spikes can significantly increase local glucose 
metabolism and can potentially mask or falsely lateralize 
hypometabolic epileptic foci (26-29). Therefore, continuous 
EEG monitoring during the FDG uptake period is essential 
to avoid false interpretation of focal abnormalities of glucose 
metabolism (30). Ictal FDG PET studies are often difficult 



to interpret also because they often reveal complex patterns 
of increased and decreased glucose metabolism (reflecting a 
mixture of ictal and postictal metabolism). In these cases, 
FDG PET may have to be repeated in the interictal state or 
use of another PET tracer may become necessary. 



Extratemporal Lobe Epilepsy 

Early FDG PET studies in extratemporal epilepsy found 
focal, regional, or hemispheric hypometabolism in approxi- 
mately two-thirds of adult patients with frontal lobe foci, 
and these abnormalities correlated well with electroclinical 
ictal localization (31). Using high-resolution PET scanning, 
da Silva et al. (32) reported unilateral frontal lobe hypo- 
metabolism in 85% of epileptic children with a frontal lobe 
focus and normal CT and MRI scan. The location of frontal 
lobe PET abnormality corresponded to the area of seizure 
onset in four-fifths of the patients. Recent studies have 
demonstrated consistently that computerized analysis of 
FDG PET scans may assist accurate and objective identifi- 
cation of extratemporal lobe epileptic foci (33-35). 

When onset of frontal lobe seizures is in the neonatal 
period or in infancy, an underlying structural lesion is often 
present even when the MRI is normal (Fig. 15.2). Under 
these circumstances, FDG PET can be useful in defining an 
area of hypometabolism that both correlates with the extent 
of microdysgenesis (36) and delineates the general area of 
epileptogenicity. However, the extent of abnormal neocorti- 
cal metabolism often exceeds the electrophysiologically 
defined epileptogenic region. Correlation studies between 
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FIG. 15.2. A. FDG PET showing a well-defined area of hypometabolism in the superior parietal cortex of a 7.5-year-old girl with intractable 
seizures that started at 2 years of age. MRI was unremarkable but the abrupt decrease of cortical metabolism on PET suggested a lesion. 
B. Three-dimensional surface reconstruction from volumetric MRI (top view), superimposed with the FDG PET abnormality (>10% decrease of 
glucose metabolism; red area) as well as the subdural electrode array. The seizures originated from electrodes located behind the PET abnor- 
mality (white circles), while the hypometabolic cortex was 'silent' (these electrodes are represented by black open circles). Histology from the 
resected parietal tissue showed cortical dysplasia with balloon cells. 



neocortical FDG PET abnormalities and ictal and interictal 
intracranial EEG data have demonstrated that, although 
FDG PET can detect abnormal cortical areas in patients with 
normal structural neuroimaging, and can correctly identify 
the general region of the epileptogenic cortex, it has limited 
specificity for the precise area of seizure onset (37, 38). 
Consistent with this, the extent of glucose hypometabolism 
ipsilateral to the seizure focus did not correlate with the 
epileptogenic tissue to be resected as determined by 
intracranial EEG (39). Nevertheless, findings from FDG 
PET can be useful to guide the placement of subdural elec- 
trodes, which otherwise must solely rely on seizure semio- 
logy and scalp electrode findings. Use of more specific 
tracers or application of other functional imaging modalities 
(e.g. ictal SPECT) can also help further, more precise, delin- 
eation of the epileptogenic tissue; this becomes particularly 
important when the epileptic focus potentially involves elo- 
quent brain regions (primary motor, speech or visual areas). 



Positron-emission Tomography Scanning of Epilepsy 
Syndromes in Childhood 

Application of FDG PET has improved our understanding 
of the possible pathomechanism of epilepsy in various pedi- 
atric epilepsy syndromes and also has had an impact on their 
clinical management. For example, based on their electroclin- 
ical features, infantile spasms have been considered to be gen- 
eralized seizures resulting from complex cortico-subcortical 
interactions. However, on PET scanning, most infants dia- 
gnosed with 'cryptogenic' spasms have focal or multifocal 
cortical regions of abnormal glucose utilization (Fig. 15.3). 
Histologic analysis of such regions (when a surgical resection 



is undertaken) often reveals areas of cortical dysplasia that 
are commonly missed by MRI (40, 41). 

When a single region of abnormal glucose utilization is 
apparent on PET, corresponding to the EEG focus, and the 
spasms are intractable, surgical removal of the focus with 
abnormal metabolism results not only in seizure control 
but also in reversal of the associated developmental delay. 




FIG. 15.3. Left frontal and temporal hypometabolism (arrows) ir 
1 3-month-old boy with cryptogenic infantile spasms. 
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Most patients with bilateral multifocal areas of hypometa- 
bolism are not surgical candidates; however, if all seizures 
arise from one area, resective surgery may ameliorate the 
epilepsy but not improve cognitive status to the same extent 
as in those infants with a unifocal PET abnormality. When 
the pattern of glucose hypometabolism is generalized and 
symmetric, a lesional etiology is not likely and neurometa- 
bolic or neurogenetic disorders should be considered in 
further evaluating the child. 

In children with Lennox-Gastaut syndrome (triad of 
multiple seizure types, developmental delay, and 1-2.5 Hz 
generalized 'slow' spike and wave EEG pattern), PET has 
provided a new classification based on metabolic anatomy. 
Four metabolic subtypes have been identified: unilateral 
focal, unilateral diffuse and bilateral diffuse hypometabo- 
lism, as well as normal patterns (42, 43). Patients with uni- 
lateral focal and unilateral diffuse patterns may be 
occasionally considered for cortical resection provided that 
there is concordance between PET and ictal EEG findings. 

In patients at the advanced stage of Sturge-Weber syn- 
drome, FDG PET typically reveals widespread unilateral 
hemispheric hypometabolism ipsilateral to the facial port 
wine stain in a distribution that commonly extends beyond 
the structural abnormalities depicted on CT or MRI scans 
(44, 45) (Fig. 15.4). The seizures often arise from the mildly 
hypometabolic cortex outside the region of the visible 
angioma or cortical atrophy. 

The advantage of using PET in Sturge-Weber syndrome 
is to delineate the extent of functional involvement of corti- 
cal areas outside the region of the angioma, and MRI- 
detected atrophy, thus assisting in the assessment of 
candidacy for early hemispherectomy or focal cortical 
resection. FDG PET scans in these patients may also assess 
the rapidity of hemispheric demise and, indeed, those 
patients whose affected hemisphere becomes severely 
hypometabolic rapidly may not require surgical intervention 



because, in a sense, they are undergoing 'autohemispherec- 
tomy' and forcing the contralateral hemisphere to undergo 
reorganization changes early and optimally. This is in con- 
trast to those patients whose affected hemisphere shows 
mild hypometabolism associated with persistent seizures 
and cognitive delay; these are the subjects who require sur- 
gical intervention to enhance effective reorganization in the 
contralateral hemisphere while brain plasticity is at a maxi- 
mum during development (45). 

Hemimegalencephaly is a developmental brain malfor- 
mation characterized by congenital hypertrophy of one cere- 
bral hemisphere with ipsilateral ventriculomegaly. When the 
epilepsy is medically uncontrolled, cerebral hemispherec- 
tomy is recommended. Glucose metabolism PET studies 
suggest that children with hemimegalencephaly often show 
additional less pronounced abnormalities in the opposite 
hemisphere, thus accounting for the suboptimal cognitive 
outcome even with complete seizure control (46). FDG PET 
is, therefore, a useful diagnostic tool in such children to 
assess the functional integrity of the contralateral hemi- 
sphere prior to hemispherectomy and helps predict cognitive 
outcome, which, in children with hemimegalencephaly, is 
generally worse than in children who have undergone 
hemispherectomy for other conditions, such as congenital 
hemiplegic cerebral palsy, Sturge-Weber syndrome or 
Rasmussen's encephalitis. 

Rasmussen's syndrome is an example where FDG PET 
can facilitate early diagnosis and management. In the early 
stage of this disease, CT and MRI are often unremarkable for 
several months after the clinical manifestation of the disease. 
In this stage of the disease, however, FDG PET scanning 
already shows areas of abnormal metabolism restricted 
mostly to the frontal and temporal regions, whereas the pos- 
terior cortex is usually preserved (47) (Fig. 15.5). Pathologic 
changes seen in the resected cortex are more pronounced in 
cortical areas of abnormal glucose metabolism than in 



MRI 



PET 




FIG. 15.4. MRI and FDG PET in Sturge-Weber 
syndrome. The child had a left occipital angioma 
with an underlying atrophy visualized on the MRI 
(arrowhead). This area showed minimal meta- 
bolism on PET, but a less severe hypometabolism 
extended far beyond the structural abnormality 
into the left parietal cortex (arrows). Seizures 
associated with Sturge-Weber syndrome often 
originate from moderately hypometabolic cortex. 
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FIG. 15.5. Marked right frontal hypo- 
metabolism (arrows) in a child with 
Rasmussen's syndrome, 8 months after 
the onset of first seizure. MRI (including 
T2 and FLAIR sequences) was still 
unremarkable. 




FDG PET 



regions showing normal metabolism. Thus, FDG PET per- 
formed early during the course of Rasmussen's syndrome 
can facilitate the correct diagnosis and may also guide the 
site of brain biopsy when indicated. 



may be important in producing a phenotype of aggression. 
On the other hand, if the medial temporal lobe structures 
are also hypometabolic, an autistic phenotype is seen, as 
in monkeys that have been subjected to bilateral medial 
temporal lesions (52). 



Metabolic Correlates of Cognitive and Behavioral 
Abnormalities in Epilepsy 

As discussed above, focal or regional glucose metabolic 
abnormalities on PET commonly extend beyond the pre- 
sumed epileptogenic zone. These nonepileptogenic dysfunc- 
tional areas are of clinical interest because they often are 
associated with neuropsychological correlates. For example, 
in patients with unilateral TLE, presence of bitemporal 
glucose hypometabolism is associated with poor memory 
performance (48). In addition, TLE patients who perform 
poorly in tests of frontal lobe function often exhibit hypo- 
metabolism of the frontal lobe in addition to the temporal lobe 
epileptogenic zone, and impairment of verbal and perform- 
ance intelligence measures in patients with TLE is associ- 
ated with prefrontal involvement on the PET scan (49). 

In infants with epileptic spasms, bilateral temporal 
hypometabolism (typically affecting both hippocampus and 
superior temporal gyri) is strongly associated with autistic 
features or pervasive developmental delay (50). A different 
pattern of bitemporal hypometabolism has been found in 
children with TLE and interictal aggressive behavior (5 1). In 
this latter group of patients, bitemporal hypometabolism 
was present in the temporal neocortex but the medial tem- 
poral (limbic) structures were relatively preserved in their 
glucose metabolism. Bilateral medial prefrontal hypo- 
metabolism was also a common finding in these patients, 
and the severity of temporal cortical hypometabolism in 
relation to the preserved medial temporal metabolism corre- 
lated well with the severity of aggression. These findings 
suggest that disinhibition of medial temporal lobe structures 
by temporal neocortex (and perhaps medial prefrontal cortex) 



NEURORECEPTOR AND LIGAND POSITRON- 
EMISSION TOMOGRAPHY STUDIES 



Positron-emission tomograph scanning of various neuro- 
transmitter systems has been a rapidly evolving field of 
functional neuroimaging in neurology and psychiatry during 
the past decade. In epilepsy, the main emphasis of this effort 
is to find new PET tracers that are able to detect focal neuro- 
transmitter and/or receptor abnormalities of the epileptic 
brain, thus providing a better, more specific noninvasive 
delineation of epileptic foci. Indeed, development of novel 
PET tracers targeting neurotransmitter systems has proved 
to be feasible, and a handful of these tracers are increasingly 
becoming clinically utilized in several epilepsy centers 
worldwide. In this section, we summarize the most import- 
ant methodologic aspects and emerging clinical applications 
of these PET tracers in the study of human epilepsy, with 
special emphasis on patients with medically intractable 
seizures, and review the current role of these PET tracers 
during presurgical evaluation. We also demonstrate how cor- 
relation between structural MRI and ligand/neuroreceptor 
PET findings can facilitate more accurate detection of func- 
tional abnormalities in the epileptic brain, to provide new 
insights into the pathophysiology of human epilepsy. 



Methodologic Aspects of Ligand/Neuroreceptor 
PET Scanning 



One of the major targets of functional neuroimaging in 
epilepsy is the gamma-aminobutyric acid (GABA) system in 
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the brain. GABA is the major inhibitory neurotransmitter in the 
human brain, and GABAergic mechanisms play a key role in 
regulating central nervous system excitability and susceptibil- 
ity to seizures (53). The action of GABA is mediated in part by 
the GABA A receptor complex, the site of action of numerous 
therapeutic pharmacologic agents (such as benzodiazepines) 
and several drugs of abuse. Flumazenil is a benzodiazepine 
antagonist that binds to the alpha subunit of the GABA A 
receptor. The PET tracer [ u C]flumazenil (FMZ) can be used 
to obtain quantitative images of GABA A receptor binding. 

Patients undergoing FMZ PET should not take drugs 
(such as benzodiazepines) that directly interact with the 
GABA A receptors. In clinical studies with FMZ PET, 
patients taking benzodiazepine drugs have generally been 
excluded, but the effects of drugs that result in allosteric 
interactions with GABA A receptors have not been well stud- 
ied. Chronic vigabatrin treatment was associated with 
decreased regional GABA A receptor binding in young chil- 
dren with partial seizures or infantile spasms (106), but no 
similar effects were reported in adults (54). Age-related 
changes in FMZ binding have been reported in humans (55) 
and, in normal adult volunteers, baseline FMZ binding 
values are 25-50% lower (depending on the brain region) 
than those in children around 2 years of age (measured in the 
nonepileptic hemisphere of children with epilepsy). 

During FMZ PET scanning in children, sedation is often 
unavoidable. Among commonly used sedatives, pentobarbital 
was reported to have no significant effect on in-vitro FMZ 
binding (56). Chloral hydrate (lOOOmg taken orally) was 
found to cause a negligible increase of in- vivo FMZ binding 
of the whole brain in a small group of adults with partial 
epilepsy (55). 

Quantification of FMZ PET images can be performed 
using a three-compartmental model (57) or a simpler two- 
compartmental model (58). This latter model yields paramet- 
ric images of the volume of distribution (V D ) of the tracer in 
tissue and the ligand influx rate constant (K { ). V D is a macro- 
parameter incorporating both receptor density (B^) and 
receptor affinity (K D ), and represents B max /K D . These two com- 
ponents can only be separated by applying more than one 
injection with different FMZ concentrations, i.e. to obtain mul- 
tiple PET scans and produce a Scatchard plot. Such studies are 
feasible and may be useful to estimate receptor density and 
affinity in vivo (59) but are not practical. For example, even 
two PET studies in the same patient would allow for a subop- 
timal Scatchard analysis with only two points. On the other 
hand, V D images allow visualization of a quantitative measure 
of GABA A receptor binding and are much easier to obtain. 

Direct comparisons of in-vivo FMZ binding using PET 
with ex-vivo binding measured in resected epileptic tissues 
using [ 3 H]FMZ autoradiography showed that, after correc- 
tion for partial volume effects, the degree of in-vivo FMZ 
binding correlated well with ex-vivo measurements of 
GABA A receptor binding in the epileptogenic hippocampi of 
patients with medial TLE (60). However, laminar analysis of 
resected spiking cortex from patients with TLE suggests that 



decreased in-vivo FMZ binding is not necessarily due to 
decreased GABA A receptor density but may be due to com- 
plex changes that include both Z? max and K D in different cortical 
layers. In fact, [ 3 H]FMZ autoradiography studies showed 
increased B max in cortical layers V-VI of spiking cortex but 
decreased receptor affinity that outweighed the increased 
binding such that the net effect was a decrease in V D shown as 
an area of decreased FMZ uptake on the PET images (61). 

The cortical-layer-specific increase of receptor number 
may be a compensatory mechanism for decreased GABAergic 
input. Limited spatial resolution of PET precludes laminar 
analysis of cortical FMZ binding in vivo, but the findings 
demonstrate that decreased FMZ binding on PET may be 
the result of spatial summation of multiple changes in 
GABA A receptor function. This may explain why, in some 
patients with focal epilepsy, no focal abnormalities of 
in-vivo FMZ binding can be detected in the EEG-deter- 
mined epileptic focus, while others show focal increases of 
FMZ binding on PET. 

A drawback of absolute quantification yielding FMZ V D 
images is the requirement of arterial blood sampling to pro- 
vide blood input function. Elimination of arterial blood 
sampling can facilitate more widespread clinical application 
of FMZ PET scanning and is particularly desirable in 
the pediatric patient population. In fact, visual as well as 
objective detection of focal cortical and subcortical abnor- 
malities for clinical purposes can be reliably achieved using 
FMZ 'activity' images that do not require arterial blood 
sampling. Comparison of focal FMZ abnormalities in 
patients with neocortical epileptic foci showed that summed 
FMZ 'activity' images obtained between 10 and 20 minutes 
after tracer injection represented the best overall agreement 
between FMZ activity and V D images, as compared to 
activity images obtained from an earlier (5-10 min) or later 
(15-30min) time frame (62). Slight differences between the 
V D and FMZ activity images can be caused by the tracer 
influx parameter K x . 

Another neurotransmitter system that has proved to be 
important in the functional neuroimaging of epilepsy is the 
serotonergic system and tryptophan metabolism. In-vitro 
observations showing increased serotonin (5-HT) content 
and immunoreactivity in human epileptic tissue (63, 64) 
have led to the application of the PET tracer a[ n C]methyl-L- 
tryptophan (AMT) in the study of epilepsy. AMT is an ana- 
log of tryptophan (the precursor of 5-HT), and is converted 
in the brain to a[ u C]methyl-serotonin, which is not a sub- 
strate for the degradative enzyme monoamine oxidase, and 
therefore accumulates in serotonergic terminals. This has 
been demonstrated in rats, where labeled AMT accumulated 
in high concentration in serotonergic cell bodies in the raphe 
nuclei (65). a[ 3 H]methyl-serotonin present in nerve ter- 
minals was released by K + -induced depolarization, suggesting 
that this tracer is stored with the releasable pool of serotonin 
(66). Further, AMT, unlike tryptophan, is not incorporated 
into proteins in significant amounts (65, 67) and is therefore 
a suitable tracer for the measurement of serotonin synthesis 
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in vivo in humans with PET, although it does not measure 
the absolute rate of serotonin synthesis. 

Studies in animals (65, 68) and humans (69, 70) have 
suggested that the kinetic behavior of AMT can be described 
by a three-compartmental model using first-order rate 
constants. After transport of AMT across the blood-brain 
barrier, free AMT in the cytoplasm is either metabolized (to 
a[ u C]methyl-serotonin or via the kynurenine pathway; see 
below), or is irreversibly trapped, presumably in a serotonin 
synthesis precursor pool. The unidirectional uptake rate con- 
stant (K-complex) represents the combined unidirectional 
uptake into all three pools. The K-complex was found to be 
stable within an individual, and the rank order of regional 
brain values for this parameter is consistent with the rank 
order for serotonin content in the human brain (71). 

An alternative route of tryptophan metabolism in the 
brain is via the enzymes 2,3-dioxygenase and indoleamine 
2,3-dioxygenase, which are part of the kynurenine pathway. 
Under normal circumstances, levels of the metabolites of 
these pathways are 100-1000-fold lower than the concentra- 
tion of tryptophan in the brain (72) and thus metabolites of 
the kynurenine pathway do not contribute significantly to 
the accumulation of AMT. Under pathologic conditions, 
however, induction of indoleamine 2,3-dioxygenase (e.g. by 
infections, viruses, or interferons) can lead to significant 
metabolism of tryptophan along the alternative kynurenine 
pathway. Among numerous metabolites of this pathway, 
quinolinic acid is neurotoxic, and a strong convulsant 
through its agonist action at the excitatory A'-methyl-D- 
aspartate (NMDA) receptors. In fact, preliminary data from 
surgically resected brain tissue from children with tuberous 
sclerosis complex and intractable epilepsy have indicated 
that accumulation of quinolinic acid may contribute to the 
high in-vivo uptake of AMT in epileptogenic cortex (73). 

In addition to using AMT for evaluating serotonin synthe- 
sis and tryptophan metabolism via the kynurenine pathway, 
an emerging approach is to image 5-HT IA receptors by PET. 
Using [ n C]-WAY, 5-HT IA receptor binding can be reliably 
measured in vivo (74). Preliminary PET studies in TLE 
showed decreased [ 18 F]FCWAY binding in the temporal lobe 
ipsilateral to the seizure focus as defined by EEG data (75). 

Further PET tracers for in-vivo investigation of other 
neurotransmitter systems, such as [ n C]carfentanil (76), n C- 
diprenorphine (77), or 18F-cyclofoxy (78) for opiate receptors, 
[ n C]doxepin for histamine Hi receptors (79), and (S)-[N- 
methyl- H C]ketamine for NMDA-receptors (80) have not been 
adequately tested in epileptic patients but preliminary studies 
suggest that they may also be potentially useful in detecting 
epileptic cortex (see also Clinical applications, below). 



Qualitative visual analysis of ligand and neuroreceptor PET 
studies can be satisfactory for clinical purposes, with certain 
limitations. For example, since FMZ binding is relatively 



high in the medial temporal structures, unilateral decrease of 
FMZ binding in the hippocampus can be reliably identified, 
while bilateral symmetric decreases might be hard to inter- 
pret visually. Visual interpretation is also reliable to detect 
unilateral focal cortical decreases of FMZ binding but, 
again, is less reliable in detection of bilateral FMZ PET 
abnormalities and is not accurate in defining the extent of 
cortical areas with abnormal receptor binding. 

Anatomical accuracy of ligand and neuroreceptor PET 
abnormalities can be enhanced by co-registering PET 
images with high-resolution MRI. This approach is espe- 
cially useful when functional activity in very small brain 
structures, such as hippocampus, amygdala, or thalamic 
nuclei, is to be measured. High-resolution MRI-based par- 
tial volume correction enhances detection of FMZ binding 
in these structures (24, 81) and provides higher sensitivity to 
alterations than visual evaluation in patients with TLE, 
where focal decrease of FMZ binding in the medial tem- 
poral structures as well as in the thalamus ipsilateral to the 
seizure focus is common. One such study using PET/MRI 
co-registration found that the reduction in hippocampal 
FMZ binding is over and above what would be expected 
from loss of hippocampal volume, thus indicating that 
atrophy is not the sole determinant of GABA A receptor 
binding decrease in medial TLE and that other factors also 
contribute to decreased hippocampal FMZ binding (81). 

Objective interpretation of PET images can be also per- 
formed using voxel -by- voxel analysis with statistical para- 
metric mapping (SPM) (82). SPM is a robust, objective 
method of comparing patient groups with normal control 
groups, can detect common abnormalities of FMZ binding 
(83, 84), and is also applied to other types of PET measure- 
ment. This approach often reveals subtle abnormalities that 
are difficult to appreciate by visual or region-of-interest 
(ROI)-based image analysis. For example, using SPM and 
FMZ PET, involvement of the insular cortex was reported in 
60% of patients with medial TLE (84). The presence or 
absence of such abnormalities did not predict surgical out- 
come but their regional distribution (anterior vs posterior 
insula) was related to ictal symptoms (emotional vs somes- 
thetic symptoms, respectively). 

The SPM analytic approach has been also useful to deli- 
neate focal abnormalities of cortical FMZ binding in patients 
with neocortical epileptic foci, including those with normal 
MRI and those with structural lesion (85, 86). Unlike previous 
ROI-based studies, these SPM studies consistently showed 
not only focal decreases but also increases of FMZ binding 
(85, 87), although the exact nature of these abnormalities is 
not entirely clear. Some of the areas showing increased FMZ 
binding coincide with focal cortical developmental malfor- 
mations (88). Since no detailed EEG comparisons have been 
performed, the causative relationship between these focal 
abnormalities and epileptogenicity is not established. 

In a recent study of 10 patients with malformations of 
cortical development, correction for partial volume effects 
for the area of MRI-defmed malformation as well as for 
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adjacent and overlying regions was applied (108). This 
study found decreased FMZ binding in some of the malfor- 
mations but increased binding in some adjacent volumes of 
interest. Altogether, these studies demonstrate that objective 
analytic approaches are capable of identifying otherwise 
unappreciated abnormalities of abnormal FMZ binding that 
often extend beyond the structurally abnormal cortex repre- 
senting functional abnormalities of GABA A receptors. 

The SPM technique also allows objective analysis of 
FMZ binding in the white matter (which normally shows 
very low FMZ binding) by applying explicit white matter 
masking (90). These studies showed increased FMZ binding 
in the normal appearing temporal lobe white matter ipsilat- 
eral to the epileptic focus in patients with TLE and normal 
MRI. These white matter abnormalities were associated 
with microdysgenesis demonstrated by histopathology. In 
this case, FMZ V D provided an in-vivo neuronal marker indi- 
cating increased number of white matter ectopic neurons in 
the epileptogenic temporal lobe. This is a potentially import- 
ant finding, considering that ectopic neurons can contribute 
to epileptogenesis by providing an aberrant circuitry (91). 

A drawback of voxel-based analytic approaches is that 
warping of native images to a predefined template requires 
smoothing, and results in a reduction of the original image 
resolution. An alternative objective method of delineating 
cortical PET abnormalities is based on analysis of asymme- 
tries of small homologous cortical regions (33). The proced- 
ure uses native (unwarped) PET images and allows 
identification of abnormal cortical tracer content based on 
asymmetry indices derived from small bilateral homotopic 
cortical areas according to a predefined cutoff threshold 
(typically between 8% and 15%, depending on the PET 
tracer used), determined from PET scans of normal control 
subjects. The only major assumption made is that one of the 



hemispheres (contralateral to the presumed epileptic focus) 
is for the most part normal, and can serve as an internal con- 
trol for the other hemisphere containing the epileptic focus. 
This, of course, is not always a valid assumption and is one 
of the pitfalls of the method. 

The program marks all cortical segments in which the 
asymmetry of activity concentration exceeds the cutoff 
threshold. These marked PET images are then co-registered 
with the volumetric MRI image of the patient, and the PET 
abnormalities are surface-rendered, i.e. they are directly dis- 
played on the cortical surface reconstructed from the 
patient's high-resolution MRI (Fig. 15.6). For patients under- 
going subdural EEG recording, the locations of intracranial 
electrodes can be accurately identified and visualized on the 
three-dimensionally rendered brain surface by using digital 
X-ray images with fiducial markers (92, 93) or digital intra- 
operative photographs showing locations of electrode con- 
tacts on the cortex (94). These techniques allow direct 
comparison of objectively defined functional imaging abnor- 
malities with ictal and interictal intracranial EEG datasets. 
Such comparisons provide a powerful way of exploring the 
functional relationship between ligand/neuroreceptor and 
electrophysiologic abnormalities of the epileptic cortex. 

In patients with epilepsy and structural brain lesion(s), 
multimodal imaging of co-registered structural (MRI) and 
functional (PET or SPECT) abnormalities allows analysis of 
functional abnormalities in the lesions themselves as well as 
in the perilesional cortex (38, 95, 96). The benefit of simul- 
taneous analysis of PET and MRI images has been well 
demonstrated in children with the tuberous sclerosis com- 
plex and intractable epilepsy (95). In these patients, MRI 
and FDG PET typically show multiple, typically bilateral 
lesions, but the seizures often originate from one of the 
lesions, as suggested by seizure semiology and ictal EEG. 




FIG. 15.6. X-ray-based identification of subdural grid electrodes for PET co-registration on the three-dimensional brain surface, reconstructed 
from volumetric MRI. A. The X-ray and MRI image datasets are co-registered using fiducial markers (two on the left and one on the right side), 
which form a triangle in the image space. B. Locations of the grid electrodes derived from the co-registered X-ray, superimposed to the brain 
surface, showing the objectively defined PET abnormalities in the left frontal and temporal cortex. A 1 x 10 electrode grid is located in the medial 
frontal-temporal area and cannot be directly visualized on the lateral surface. 
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However, neither MRI nor FDG PET can identify the epilepto- 
genic lesion. In contrast, AMT PET often shows relatively 
increased uptake in the epileptogenic lesions and decreased 
uptake in the remaining ones (see Clinical applications, 
below). Thus, measurement of relative AMT uptake in the 
MRI-identified lesions can help differentiate epileptogenic 
from nonepileptogenic tubers. 



Clinical Applications 

Flumazenil Positron-emission Tomography Scanning of 
GABA A Receptors 

Among various neuroreceptor PET tracers used in epilepsy, 
FMZ is the one that has been most widely applied clinically. 
Initial studies using PET with FMZ showed significantly 
reduced binding in the epileptic focus of patients with partial 
epilepsy (97). Since then, several PET studies have demon- 
strated that areas of decreased FMZ binding commonly occur 
in patients with intractable partial epilepsy of both temporal 
and extratemporal origin, and that these abnormal regions 
tend to be spatially more restricted than corresponding regions 
of cortical glucose hypometabolism (15, 23, 59, 98). 



Temporal Lobe Epilepsy 

Flumazenil PET is highly sensitive in TLE and shows 
decreased FMZ binding in the sclerotic hippocampus in 
patients with medial TLE (23, 83). This high sensitivity of 
FMZ PET can be particularly useful in patients with a poten- 
tially epileptogenic cortical lesion when presence of dual 
pathology (co-existence of neocortical lesion and hippocam- 
pal sclerosis) is suspected (99) (Fig. 15.7). Undiagnosed dual 
pathology can be a source of surgical failure, since resection 
of both the cortical lesion and the affected hippocampus is 



necessary to optimize the surgical results. In some cases 
FMZ PET can detect multiple areas of decreased binding, 
including both the hippocampus and neocortical areas that 
do not show any obvious lesion on MRI. In such cases, 
intracranial EEG recordings are necessary to determine 
whether both the hippocampal and neocortical area is 
epileptogenic or, alternatively, one of them is the primary 
focus and the other may represent remote abnormality of 
GABA A receptors; such areas are often targeted by rapid 
seizure spread (see also Extratemporal epilepsy, below). 

Since decreased FMZ binding in pure medial TLE is 
largely (although not completely) confined to the affected 
temporal lobe, FMZ PET can be also helpful in patients 
where medial TLE is suspected (based on seizure semiology 
and/or ictal EEG recordings) but FDG PET shows additional 
extratemporal hypometabolism. Such regions of hypometa- 
bolism (most commonly in parietal or prefrontal cortex) 
may be seen with chronic epilepsy and do not necessarily 
indicate epileptogenicity, but may be associated with cogni- 
tive dysfunction. One comparative analysis of such cases 
suggested that decreased FMZ binding represents localized 
neuronal loss and/or receptor changes in the epileptogenic 
zone, whereas the more extensive glucose hypometabolism 
on FDG PET may reflect diaschisis (23). On the other hand, 
extratemporal cortical involvement on FMZ PET of patients 
with suspected TLE warrants caution, and may require con- 
sideration of intracranial EEG monitoring of the affected 
extratemporal areas, especially if the electroclinical findings 
cannot definitively exclude the extension of epileptogenic 
areas beyond the temporal lobe. Nevertheless, with clinical 
application of advanced MRI techniques, the overwhelming 
majority of patients with intractable TLE and hippocampal 
sclerosis do not require FMZ (or other types of) PET studies 
during their presurgical evaluation, and the use of FMZ PET 
is the subject of individual consideration. 

The clinical significance of FMZ PET abnormalities in 
TLE and normal hippocampal volumes is less established. 



FIG. 15.7. ["C]Flumazenil PET detect- 
ing dual pathology (arrows) consisting 
of a dysplastic area in the left posterior 
temporal region and decreased FMZ 
binding in the ipsilateral hippocampus 
indicating hippocampal sclerosis. 
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Transient and falsely lateralizing FMZ PET asymmetries 
have been reported in three patients with normal hippocampal 
MRI by Ryvlin et al. (100). In contrast, Lamusuo et al. (101) 
found decreased temporal FMZ binding ipsilateral to the 
EEG-defined seizure focus in 46% of medial TLE patients 
with normal hippocampal volumes. Histologic examination 
verified the presence of hippocampal damage in these cases, 
suggesting that FMZ PET can be useful to lateralize the 
epileptic temporal lobe in some TLE patients with normal 
volumetric MRI. 

Using a more complex analytic method (by combining 
SPM and an MRI-based volume-of-interest approach with 
partial volume correction) in a similar group of MRI-negative 
TLE patients, Koepp et al. (102) found focal decreases 
and/or increases of FMZ binding ipsilateral to the presumed 
epileptic focus in 80% of the cases. However, these abnor- 
malities did not consistently localize the epileptic focus. 
Altogether, these studies demonstrate a relatively high 
prevalence of focal FMZ binding abnormalities in TLE 
patients with normal MRI, but it remains unclear how these 
changes contribute to the presurgical evaluation of these 
patients and how they affect outcome after surgery. 



Extratemporal Epilepsy 

Since current surgical results remain suboptimal in 
extratemporal (neocortical) epilepsies, especially in the 
pediatric population, there has been a great deal of interest 
in applying neuroreceptor PET tracers in the presurgical 
evaluation of such patients, with special emphasis on those 
with normal MRI or cortical developmental malformations. 



Studies to date indicate that FMZ PET is a promising imag- 
ing modality, which often shows decreased binding in the 
presumed epileptic focus shown on EEG even when the 
MRI appears normal (Fig. 15.8). Comparisons with intracra- 
nial ictal EEG findings have shown 57-100% sensitivity of 
FMZ PET in detecting neocortical epileptic foci, depending 
on the patient population and the applied analytic approach 
(15, 37, 103, 104). In a detailed comparison of objectively 
defined, surface-rendered FDG and FMZ PET abnormalities 
(using an asymmetry-based approach; see Analysis) and 
intracranial EEG data, Muzik et al. (37) found areas of 
decreased FMZ binding to be significantly more sensitive 
for detecting zones of seizure onset and frequent interictal 
spiking than areas of glucose hypometabolism. A close spa- 
tial relationship between seizure onset zone and the area 
showing reduced FMZ binding also has been reported in 
patients with cortical dysplasia (105). 

Collectively, these findings suggest that FMZ PET is a 
useful clinical tool to further delineate potentially epilepto- 
genic neocortex and to guide and enhance subdural elec- 
trode coverage for intracranial EEG monitoring. One of the 
few studies that have analyzed surgical outcome data in 
young patients who underwent cortical resection following 
FMZ PET scanning, found that complete resection of cortex 
with preoperative FMZ PET abnormalities was associated 
with excellent surgical outcome even in the absence of a 
structural lesion on MRI (39). 

A subgroup of patients with neocortical epileptic foci 
shows area(s) of decreased FMZ binding remote from the 
seizure focus (Fig. 15.9). The exact nature of these abnor- 
malities is not known. Comparisons with outcome data indi- 
cate that resection of such remote FMZ abnormalities is not 




FIG. 15.8. Decreased [ l1 C]flumazenil 
binding in the right frontal cortex 
(arrows) in a patient with right frontal 
lobe epilepsy and normal MRI. The 
location of the seizure focus was 
verified by intracranial EEG monitoring. 
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FIG. 15.9. Rumazenil (FMZ) PET abnormalities (red areas indi- 
cating areas with >10% decreases of FMZ binding on the three- 
dimensionally reconstructed surface) detecting the seizure focus 
(white electrodes in the right inferior temporal region) as well as 
a remote frontal cortical area that has shown frequent interictal spik- 
ing (yellow electrodes) on intracranial EEG. 



always necessary to achieve long-term seizure freedom (pro- 
vided that the seizure focus has been removed), although 
many of these remote areas appear to be targeted by rapid 
seizure spread as shown by intracranial ictal EEG recordings 
(104, 39). In fact, Savic et al. (107) reported postoperative 
recovery of such remote FMZ binding abnormalities (located 
in the primary projection areas of the seizure focus) in four 
patients with medial TLE following successful surgical resec- 
tion of the primary epileptic focus. Furthermore, in patients 
with lesional epilepsy, remote cortical areas with decreased 
FMZ binding were located in ipsilateral synaptically 



connected regions, and were associated with seizure onset 
early in life and chronic intractable epilepsy (104). 

Altogether, these data suggest that cortical areas with 
decreased FMZ binding, particularly if located in projection 
areas targeted by seizure propagation, may be related to 
repeated seizures over a relatively long period, and might 
represent potential areas of secondary epileptogenesis. This 
hypothesis, however, must be tested through further studies. 

Occasionally, FMZ PET does not show any obvious focal 
abnormalities in patients with nonlesional extratemporal 
epilepsy. This is not common, but represents a limitation of 
FMZ PET. Further studies comparing FMZ with other 
PET tracers that have the capability of delineating epileptic 
brain regions will be useful. In fact, preliminary studies 
suggest that AMT PET may be helpful in some of these 
FMZ-negative cases (see below). 

In patients with neocortical epilepsy and brain lesion, 
FMZ PET reliably detects most lesions, and the magnitude of 
decreased FMZ binding varies according to the type of lesion 
(98, 96, 99). Decreased FMZ binding, however, commonly 
extends to the perilesional cortex (Fig. 15.10), and the size of 
this perilesional abnormality is usually smaller than the cor- 
responding perilesional hypometabolism shown with FDG 
PET (104, 96, 105). Perilesional FMZ PET abnormalities are 
often not concentric but eccentric, and show a good corres- 
pondence with epileptiform activity on intracranial EEG. 
Recently, Hammers et al (108). used a quantitative approach 
and found not only decreases but also increases of FMZ bind- 
ing in cortex overlying or adjacent to focal cortical dysplasia. 
These studies support the notion that abnormal GABA A 
receptor binding is not confined to the cortical malformations 
visible on MRI, but extend beyond the structural lesion. 

Objective, quantitative analysis of the FMZ PET images 
and their correlation with structural imaging and electro- 
physiologic findings are essential for optimal detection and 
interpretation of focal abnormalities. Further comparisons 
with new, emerging functional imaging modalities such as 



FIG. 15.10. [ 11 C]Flumazenil (FMZ) PET 
in a patient with a right frontal lesion 
(cyst) and intractable frontal lobe 
epilepsy. The lesion itself (delineated 
by dotted line) showed no FMZ binding, 
while the perilesional cortex showed 
decreased FMZ binding (arrows). 
The seizures originated from the right 
prefrontal cortex. 
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functional MRI, magnetic resonance spectroscopy, or mag- 
netic source imaging may help further understand the 
significance of in-vivo GABA A receptor abnormalities in 
the pathogenesis of human partial epilepsy. 



Idiopathic Generalized Epilepsy 

Flumazenil PET studies in idiopathic generalized epilepsies 
have provided somewhat controversial findings. Savic et al. 
(109) first reported normal FMZ binding in cerebral cortex 
and decreased receptor density in the thalamus of adult 
patients with idiopathic generalized epilepsy. Prevett et al. 
(110, 111) found no differences in regional FMZ V D values 
between at rest scans and images obtained during absence 
seizures, and also when compared to normal controls. 
In contrast, Koepp et al. (T 12) reported a significant global 
increase of FMZ V D in the cortex, thalamus, and cerebellum 
in patients with idiopathic generalized epilepsy, with no 
effect from subsequent treatment with valproate. These find- 
ings are consistent with those from electrophysiologic stud- 
ies in idiopathic generalized epilepsies and provide some 
support for the role of the thalamus in the pathogenesis of 
absence seizures. However, none of the studies have shown 
conclusively the initiation site of the seizures, and the role of 
ligand/receptor PET in the diagnosis of idiopathic general- 
ized epilepsies remains limited. 



Imaging Tryptophan Metabolism by Positron-emission 
Tomography 

Although AMT PET is currently available in only a hand- 
ful of epilepsy centers, it appears to have strong clinical appli- 
cations in selected cases of epilepsy. The first successful 
clinical application of AMT PET in intractable epilepsy was 
demonstrated in children with the tuberous sclerosis complex 
who were being considered for resective epilepsy surgery 
(113). (Fig. 15.11). In fact, AMT PET was the first PET 
tracer capable of differentiating between epileptogenic and 
nonepileptogenic lesions in the interictal state in children with 
tuberous sclerosis. Subsequently, it was found to be useful also 
in patients with other types of neocortical epilepsy, by show- 
ing increased uptake of AMT in the epileptogenic regions. 

While the specificity of focally increased AMT uptake for 
the epileptic focus appears to be very high, its sensitivity is 
suboptimal and seems to depend on the underlying etiology 
as well as the analytic approach applied. For example, in a 
cohort of 63 consecutive patients with tuberous sclerosis and 
intractable epilepsy, visual assessment identified increased 
AMT uptake in only 28 cases (44.4%) but when MRI-based 
quantitative assessment of the AMT images was applied, the 
sensitivity increased to 79% (114). This apparent discrep- 
ancy is due to the fact that nonepileptogenic tubers typically 
show decreased AMT uptake and that some epileptogenic 
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FIG. 15.11. FDG and a[ 1 'C]methyl-i_-tryptophan (AMT) PET scans in 
a patient with tuberous sclerosis and intractable seizures. FDG PET 
shows the typical finding of multiple areas with hypometabolism, 
consistent with multiple tubers. The outlined regions on the FDG 
PET represent individual tubers delineated on co-registered MRI 
images. AMT PET shows very high uptake (dark area) in the left 
parietal region, from where the seizures originated. The remaining 
tubers showed normal or d< 



tubers showing relatively increased AMT uptake cannot be 
easily differentiated from adjacent normal cortex without 
quantitative analysis following coregistration with MRI (95). 

Recent studies in nontuberous sclerosis patients have 
shown that AMT PET can occasionally detect epileptic cor- 
tex in patients with normal MRI (115) and that histologi- 
cally verified (macroscopic or microscopic) cortical 
dysplasia is associated with a higher occurrence of increased 
AMT uptake as compared to cases with nonspecific gliosis 
in the surgical specimen (116). This finding is consistent 
with previous human epileptic tissue studies showing sero- 
tonergic hyperinnervation in dysplastic tissues but not in 
cortex from patients with cryptogenic epilepsy (64). 
Comparisons with FDG PET also showed that the area of 
increased AMT uptake, if present, is significantly more 
restricted than the extent of corresponding glucose hypo- 
metabolism. Furthermore, in some instances, AMT PET 
can identify epileptogenic cortex even if FDG and/or 
FMZ PET do not show any obvious focal abnormality 
(Fig. 15.12). 

Although clinical experience with AMT PET is limited in 
medial TLE, this method does not appear to be particularly 
useful in localizing medial temporal foci associated with 
hippocampal sclerosis. However, a recent study demon- 
strated that AMT PET can be useful to identify the epileptic 
focus in patients with TLE and normal hippocampal vol- 
umes (1 17). In addition, AMT PET scanning in patients with 
previously failed neocortical resection may disclose non- 
resected cortex with increased AMT uptake, especially if the 
histology had shown cortical developmental malformation. 
In these cases, AMT PET has the advantage of showing 
increased uptake in potentially epileptogenic areas and, 
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FIG. 15.12. a["C]Methyl-L-tryptophan (AMT) PET scan detecting 
epileptogenic cortex in a patient in whom neither FDG nor 
[ 11 C]flumazenil PET were localizing. Increased AMT uptake was 
seen in the epileptogenic right frontal lobe (arrow). The focus was 
verified by intracranial EEG. Histology showed cortical dysplasia in 
the surgical specimen following right frontal resection, which 
resulted in seizure freedom. 



unlike MRI or interictal FDG or FMZ PET, can differentiate 
epileptogenic cortex from nonepileptic tissue damage 
caused by the initial surgery. 



Opiate and Other Receptor Positron-emission 
Tomography Studies in Epilepsy 

Clinical experience with opiate, histamine, and NMDA 
neuroreceptor PET tracers is limited, and their current role 
in presurgical evaluation is not well established. Endogenous 
opioid peptides modulate neural transmission in the hippo- 
campus, and recurrent seizures induce changes in the 
expression of opioid peptides and receptors (118). Animal 
studies suggest that endogenous opioid release may play a role 
in termination of seizures (119). Consistent with this, serial 
absence seizures were found to be associated with an acute 
(15-41%) reduction of [ u C]diprenorphine (a nonspecific opi- 
ate receptor ligand) binding to association areas of neocor- 
tex (120), suggesting that occupation of opiate receptors by 
an endogenous opioid substance may contribute to seizure 
termination. Similarly, Koepp et al. (121) reported decreased 
[ n C]diprenorphine binding in the left parieto-temporo- 
occipital cortex of patients with reading induced epilepsy, 
scanned in the activated state. In addition, increased interictal 
binding of [ n C]carfentanil, a selective agonist for mu opiate 



receptors, has been reported in the temporal neocortex 
ipsilateral to the seizure focus in patients with TLE (76, 77). 

However, [ u C]diprenorphine binding was not signifi- 
cantly different between regions in the epileptic and con- 
tralateral temporal lobes. Similarly, there is a lack of overall 
asymmetry of [ 18 F]cyclofoxy (which binds to both mu and 
kappa opiate receptors) binding, although some patients 
showed higher binding ipsilateral to the seizure focus (78). 
Finally, PET studies in TLE patients using the delta-recep- 
tor-selective antagonist [ H C]methylnaltrindole show a dif- 
ferent regional pattern of increased binding as compared to 
[ n C]carfentanil (122). These studies suggest a differential 
regulation of opiate subtypes in TLE, with greater involve- 
ment of mu and delta receptors. 

Kumlien et al. (80) reported a 9-34% decrease of (S)-[N- 
methyl- u C]ketamine binding (a potential tracer for NMDA 
receptors) ipsilateral to the seizure focus in eight patients 
with medial TLE. It remains unclear whether these asym- 
metries are due to reduced NMDA-receptor density, reduced 
perfusion, focal atrophy (partial volume effects), or other 
factors. The same group of investigators have reported 
increased binding of ["CJdeuterium-deprenyl, an irrever- 
sible inhibitor of monoamine oxidase type B (MAO-B) with 
a very high affinity for the enzyme, in the epileptogenic tem- 
poral lobe, particularly in the medial temporal structures 
(124, 125). MAO-B is exclusively localized on astrocytes, 
and in-vitro studies had shown that its production is 
increased with gliosis in conjunction with neurodegenera- 
tive changes, mainly due to an increased number of reactive 
astrocytes. Interestingly, [ n C]deuterium-deprenyl binding 
was not increased in neocortical epileptic foci (124). 

Thus, [' 'CJdeuterium-deprenyl PET seems to be more 
sensitive in TLE than in extratemporal epilepsy. This is in 
contrast to AMT PET, which may show increased uptake in 
neocortical foci but not in sclerotic hippocampus. These 
studies illustrate the specificity that PET is capable of pro- 
viding in various types of epilepsy when appropriate tracers 
are selected. Finally, in patients with complex partial 
seizures, [ u C]doxepin PET demonstrated an increase of 1^ 
receptors in the seizure focus, which showed glucose 
hypometabolism on FDG PET (79) but these findings have 
not been replicated by other groups. 

In summary, ligand/neuroreceptor PET studies provide 
new insights in the pathophysiology of human epilepsy and 
show differences in their sensitivity and specificity for tem- 
poral versus extratemporal lobe epilepsy. Unlike FDG, 
which characteristically shows decreased uptake in the 
region of the seizure focus interictally, some ligand and neuro- 
receptor tracers (such as AMT, [' 'C]deuterium-deprenyl and 
[ n C]doxepin) show increased uptake in epileptogenic brain 
regions even in the interictal state. This represents a clear 
advantage over other imaging studies, especially when 
multiple structural lesions are present and potentially con- 
found detection of the epileptogenic zone. The studies 
reviewed above also demonstrate that various tracers capture 
different aspects of the epileptic process and can provide 
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complementary information regarding localization of epilep- 
tic foci. Multimodal registration of functional and structural 
images is a clinically useful tool to accurately delineate 
anatomical extent of functional abnormalities. Highly accu- 
rate software packages that allow detailed comparisons of 
ligand/neuroreceptor PET studies with scalp and intracranial 
EEG findings are now available, and their application will 
further establish the role of these new PET imaging modali- 
ties in the presurgical evaluation of intractable epilepsies. 
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CHAPTER 16 



Magnetoencephalography in Epilepsy 



Robert C. Knowlton and William W. Sutherling 



INTRODUCTION 

Magnetoencephalography (MEG), also commonly 
referred to as magnetic source imaging (MSI), when com- 
bined with structural imaging, provides a new noninvasive 
tool for epilepsy localization (1). MEG is similar to electroen- 
cephalography (EEG); however, unlike electrical potentials 
measured with EEG, which are attenuated in strength and 
spatially blurred by tissues between brain and scalp surface, 
magnetic fields are minimally affected by intervening tissue 
layers (2). The potential advantage of MEG over EEG is based 
on greater accuracy of the observed signal at the scalp such 
that it allows cerebral sources to be modeled more simply; 
and this in turn allows for more clinically usable and reliable 
localization of brain activity (3). 

Clinical applications of MEG center mostly on the ability 
of dipole source estimation to provide noninvasive infor- 
mation on cortical function and dysfunction localization. 
Because of the limitations of the most common model of 
source localization in clinical use, the single equivalent cur- 
rent dipole (ECD) model, present applications are restricted 
in attempts to localize truly focal sources that can be con- 
veniently measured with high signal-to-noise ratio (SNR). 
Because of the typically high SNR of spikes and sharp waves, 
focal epileptiform paroxysms provide a unique opportunity 
for MEG source localization of clinically important spon- 
taneous brain activity. 

This chapter will focus on the clinical application of 
MEG epilepsy localization and brain mapping. The review 
will include those works in which the single ECD model 
has been demonstrated to be successful and times when it 
appears to be limited or inappropriate. Techniques that may 
allow a greater range of success for MEG source localization 
with more advanced spatiotemporal multidipole modeling 



will only be briefly covered. For more thorough reading 
on multiple source analysis see reviews by Scherg (4) and 
Ebersol (5). 

Localization of the epileptogenic zone in patients with 
partial epilepsy is usually accomplished with video and 
EEG recording of seizures and a combination of structural 
and functional imaging (6). Magnetic resonance imaging 
(MRI), positron-emission tomography (PET), and ictal single- 
photon-emission tomography (SPECT) are established 
imaging modalities that can aid in identification of epilepto- 
genic substrates. Neuroimaging findings, however, may be 
nonlocalizing when structural and functional disturbances 
are widely distributed, equivocal, or when no abnormality 
is revealed. Moreover, unlike EEG, which provides direct 
evidence of the origin of seizures, structural and metabolic 
imaging provides only indirect evidence of a potential 
epileptogenic substrate. Moreover, scalp-recorded EEG does 
not always yield clear localization of the epileptogenic zone 
either; and the relationship of EEG-detected abnormalities 
to structural lesions may be ambiguous. 

Given these limitations of traditional techniques, the role 
of MEG in the evaluation of patients with medically refrac- 
tory localization-related epilepsy can be defined. As demon- 
strated in numerous studies over the past 10 years, if MEG 
combined with source modeling can be used to accurately 
localize sources of epileptiform discharges (7-18), then it can 
play the role of delineating the functional epileptogenic sig- 
nificance of abnormalities depicted in imaging. Further, using 
image registration techniques, MEG can be combined with 
MRI, PET, and ictal SPECT to provide three dimensional 
(3D) mapping of the relationship of epileptiform activity to 
structural and metabolic anatomy, offering a novel noninva- 
sive tool to obtain information about the location of the 
epileptogenic zone that often is not otherwise possible. 
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MAGNETOENCEPHALOGRAPHY BASICS 



Sensitivity 



The Brain's Magnetic Field 

The generation and localization of the magnetoencephalo- 
gram has been reviewed in several excellent papers and for 
further detail the reader is referred to Hamalainen et al. (19) 
The small electric currents in the neurons of the brain pro- 
duce a small magnetic field according to the right hand rule 
of physics where, as in a small segment of wire, a current 
flowing in the direction of the thumb of the right hand pro- 
duces a magnetic field that circulates in the direction of the 
curled fingers. Brain currents also produce the electro- 
encephalogram. The current producing the MEG arises inside 
neurons. This is because volume currents outside neurons 
have a geometry that is symmetric and produces magnetic 
fields that are self-canceling, whereas the intracellular current 
has one direction at any instant and a high 'vorticity', which 
produces a detectable magnetic field outside the head. The 
volume currents outside the neurons travel through the 
extracellular space, cerebrospinal fluid, meninges, skull, and 
scalp to be recorded by EEG electrodes. 

Whereas the EEG volume currents travel on paths deter- 
mined by conductivity producing potentials on the surface 
of the scalp, the MEG produced by the intracellular currents 
is a field that is little affected by conductivities of the head 
compartments. Because of the geometry of the magnetic field, 
which is maximal perpendicular to the axis of current and 
zero along the axis of current, a current source that is radial to 
the surface of a spherical volume conductor (a good model 
of the head in the occipital region and convexity) does not 
produce an externally measured magnetic field. Thus, MEG 
measures that part of the current in a neuron that is tangential 
to the scalp and, therefore, measures a subset of currents in 
the brain. The EEG measures all currents. The minimal effect 
of conductivity on and the tangential field patterns of the 
MEG results in a simpler scalp topography. A small current 
source of any orientation produces a tangential dipole pattern 
with a maximum peak and a minimum valley and a null point 
between the two extremes, or sea level, in between. It is 
simpler to interpret patterns in MEG than in EEG. 

Both the EEG and the MEG measured on the scalp 
result from the synchronous activity of a large ensemble 
of neurons by superimposition of the fields of many cells. 
The neurons, which have a parallel geometry allowing the 
fields to summate together, are the large pyramidal shaped 
neurons in layers 5 and 4 of the cerebral cortex. The currents 
producing the MEG probably arise in the apical dendrites 
of these neurons. 



Detection and Measurement of the 
Magnetoencephalogram 



There were two main problems that needed to be solved 
e the MEG: sensitivity and SNR. 



The brain's magnetic field is extremely small (a femtoTesla, 
about lO 15 T). This problem is solved by the use of the super- 
conducting quantum interference device (SQUID) (20, 21). 
These detectors are sensitive enough to measure the gravita- 
tional potential change that occurs when a single electron 
moves 1 mm in the earth's gravitational field. Modern 
machines use dc-SQUIDs, which are more difficult to con- 
struct but more reliable, with less noise. The SQUIDs are 
immersed in liquid helium to give them their remarkable 
properties of such high sensitivity. When even a miniscule 
magnetic field threads through the central open space of the 
SQUID, it induces a change in the operation of the device 
from conducting to nonconducting - a dramatic electronic 
change that is easily amplified to a large signal and then 
viewed like a voltage versus time tracing similar to an EEG 
tracing. Figure 16.1 provides a schematic review of the 
process of recording human brain magnetic fields with a 
modern whole head magnetometer system. 

Signal-to-Noise Ratio 

Gradiometers, Magnetometers, and Shielded Rooms 

The field is immersed in a hostile magnetic environment: 
The heart's magnetic field or MKG is 100 times larger. The 
earth's magnetic field is a billion times larger. MRI machines 
have magnets that are 10 15 times larger. Such noise is elim- 
inated in practice by specific pieces of equipment. First, a gra- 
diometer coil is set up like two coaxial loops of metal wire, 
with a connecting wire between. When a magnetic field from 
far away threads the loops, it affects each in the same way and 
the loops are set up to cancel out the current induced in the 
loops if the currents are the same. When a magnetic field near 
one of the loops, but not the other, threads the loops, it pro- 
duces a larger induced current in the nearby loop and a smaller 
current in the farther loop. This current, which is different in 
the two loops, is amplified. Thus, magnetic activity of the heart 
or environment is canceled and only the brain's magnetic field 
is amplified, since the head is placed near the coils. 

Although a pick-up coil with only one loop (magnetometer) 
is more sensitive than a coil with two loops (gradiometer), the 
magnetometer is also sensitive to noise. Since the additional 
noise actually can decrease the SNR ratio and since 
the selective advantage of the MEG compared with EEG is 
dependent on a high SNR, gradiometers are usually used in a 
hospital environment. Even the resolving power of gradiometer 
coils is ineffective in canceling some of the ambient magnetic 
fields in a noisy hospital environment (fluorescent lights, MR 
magnet coils, pager systems). This problem has been solved by 
placing the MEG detector inside a large, magnetic-shielded 
room. The walls of the room are constructed of materials that 
are very magnetically permeable, so that most of the ambient 
magnetic fields are absorbed into the walls, do not enter the 
room, and do not reach the sensors. 
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FIG. 16.1. Human magnetic field recordings of spontaneous paroxysmal brain activity and subsequent source localization. 



Magnetoencephalography detects electrocorticographic 
(ECoG) spikes only during synchronous activation of an 
extended area of cortex when multiple ECoG electrodes are 
involved. Estimates from simultaneous EEG with ECoG 
strips have indicated that about 6 cm 2 is required for MEG 
detection (22). Synchronous cortical activity over about 
2-3 cm 2 was required to produce a detectable extracranial 
spike in the MEG when MEG was compared to simultaneous 
recording from large ECoG grids where area could be quan- 
tified over the cortical surface (23). This is due to detection 
sensitivity and SNR. The MEG is better suited than EEG to 
extracranial-intracranial correlations because of the minimal 
effect of the volume conductor on MEG (13). 



Source Localization 

Localization is performed by comparing the measured 
field pattern to a computer-simulated field pattern (the 
forward solution) derived from equations for an equivalent 
point dipole source (like a small segment of wire) placed at 
multiple regions inside the skull at each region having vary- 
ing orientations. In principle, superimposing the measured 
map on to the computer-generated forward solution map and 
mathematically determining the difference in the two pat- 
terns using the least-squared difference between them can 
solve the localization or inverse problem. Usually a search- 
ing algorithm, such as the downhill simplex, is used to 
optimize the least squares fit. The forward solution with the 
least-squares fit to the data is chosen as the correct inverse 
solution. Then the location and orientation of the equivalent 
dipole producing that forward solution is chosen as the 
location of the 'centroid' of the brain activity. 



Realistic Models 

The model of the source affects localization accuracy 
(24). SNR can be improved using such advanced models as 
the recursively applied multiple signal classification algo- 
rithm (RAP-MUSIC), which separates the signal from the 
noise subspace, increasing SNR. More realistic modeling 
therefore improves detection sensitivity of MEG. More real- 
istic modeling has been used in excellent work by several 
investigators (25-31). Propagation is best assessed with the 
more realistic spatiotemporal dipole model (32). 

The model of the volume conductor, or tissues of the 
head, also significantly affects localization accuracy of 
dipole and extended source models (19). Several mathemat- 
ical and geometrical models of the human head as a volume 
conductor have been developed to correlate extracranially 
measured magnetic fields (MEG) and electric potentials 
(EEG) to their intracranial generators. Models such as single 
and multiple concentric spherical shells, boundary element 
model (BEM), and Finite element model (FEM) are among 
the most widely used (29). Skull effects dominate in volume 
conductor models. Recent detailed studies of conductivity 
have revealed the complexity of the skull's electrical prop- 
erties (33-35). Inclusion of the results of such studies in the 
volume conductor model may improve the localizations 
from extracranial electric and magnetic measurements. 



Electroencephalography 

Although EEG is less accurate than MEG for spatial 
localization (19, 26, 36, 37) and the sensors more difficult to 
coregister with MRI, EEG has several complementary 
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advantages. It is used routinely in all comprehensive 
epilepsy centers in the US. It is less expensive than MEG 
since it records only the voltage differences produced by scalp 
currents between two sites on the head, although recording 
of this easily obtainable quantity increases the complexity of 
the volume conductor necessary for analysis. Recording 
of epileptic activity is usually easier with EEG - availability 
of long-duration recordings allows a large spike sample 
across wake-sleep states to be captured. EEG measures the 
same current orientations as intracranial ECoG. EEG also 
measures more of the cerebral cortex than MEG, although, it 
concurrently increases the complexity for the source model 
required for analysis. The EEG combined with MEG gives 
more accurate localizations than MEG or EEG alone (27). 
More realistic volume conductor models are especially import- 
ant to improve accuracy of the EEG and are essential to 
combine the MEG and EEG for localization (26-28, 31, 38). 
Combined MEG and EEG modeling is the most sensitive 
noninvasive technique for radial and tangential sources. ECoG 
modeling is the most sensitive to gyri. Source models of com- 
bined MEG and EEG may allow more precise localization and 
separation of activity on postcentral versus precentral gyrus. 



Magnetoencephalography Localization Accuracy 

Phantom Studies - One Dipole and Two Dipoles 
Overlapping in Time 

The localization error in MEG for a dry dipole phantom 
for one dipole and two dipoles. The MEG method analyzed 
with realistic modeling gives accurate localizations for one 
dipole and for two dipoles overlapping in time. 

The dry phantom consisted of two plastic semicircles 
fitted together at a right angle to mimic a sphere (Neuromag, 
Helsinki; 4D Imaging, San Diego, CA). Small wire current 
dipoles were embedded in the plastic, tangential to the radii. 
This is used routinely as a calibration phantom. In this study 
a single dipole source and a two-dipole source at multiple 
locations were tested, using RAP-MUSIC. The phantom 
was attached mechanically to the bottom of the dewar inside 
the space for the head in a 100-SQUID 68 sensor channel 
whole cortex neuromagnetometer (CTF Systems, VSM Inc., 
Vancouver, Canada). The neuromagnetometer used 68 sensor 
first-derivative coaxial gradiometers and 19 reference chan- 
nels to produce a synthetic third-derivative 68-sensor array 
which was flux-transformed to dc-SQUIDs. Coil parameters 
were baseline 5 cm and diameter 2 cm. Channel noise was 
5-7 f T per root Hz. 

Table 16.1 shows that, for one dipole activation, mean 
localization error was 1.0 mm (SE 0.4), with 95% confi- 
dence that the actual location was less than 2 mm from the 
estimated location. For two dipoles, overlapping in time but 
offset by 100 ms, mean error was 1.7 mm (SE 0.6) for each, 
with 95% confidence that each of the dipoles were within 
3 mm of the estimate. 



TABLE 16.1 Magnetoencephalography Phantom 
Error One Dipole (mm) 

Jo X Y Z X' Y' Z' Error 

4 0.0 -27.0 47.6 -0.7 -27.5 47.8 0.88 

5 0.0 32.5 56.3 0.2 32.5 56.1 0.28 

6 0.0 27.5 47.6 0.0 27.6 47.5 0.14 

4 0.0 -27.5 47.6 0.0 -27.5 46.3 1.30 

5 0.0 -22.5 39.0 -0.2 -22.2 37.9 1.16 

6 0.0 -17.5 30.3 -0.3 -17.7 29.5 0.88 
56.3 0.0 32.5 56.3 -0.8 31.4 1.36 

! 47.6 0.0 27.5 47.6 -0.8 26.7 1.13 

30.3 0.0 17.5 30.5 -0.5 16.7 0.96 

32.5 0.0 56.3 32.1 -0.6 55.0 1.49 

i 27.5 0.0 47.6 27.5 -0.5 46.6 1.12 

Mean 0.97 

SEM 0.40 



With perfectly synchronous activations of identical wave- 
forms, errors were larger. Such synchrony may not be relevant 
to human cortex, because of delays from finite conduction 
speed of cortico-cortical association, U-fibers. Even in 3 Hz 
generalized spike-and-wave in primary generalized absence 
epilepsy (classic 'petit mal'), the prototype of generalized 
epileptic activity, interhemispheric conduction delays are 
15 ms (39). In the case of source configurations with two 
dipoles within the same radius, for instance, in the auditory 
P300, which has components from superficial and deep 
structures in the temporal lobe, investigators have switched 
to study the visual P300, where the primary cortical 
response is in another lobe, occipital, and a later response is 
in the medial temporal lobe (40). 

Additional studies with the 100-channel 68 sensor site 
MEG system have shown only slightly larger mean errors of 
localization when the experiments were repeated in a saline- 
filled sphere phantom with one dipole. In that case, the mean 
localization error was 1.4mm and the SE was 0.9mm (41). 

Combined MEG and EEG methods may increase accuracy 
(36, 38, 42). In addition, comparison of the timing of an EEG 
component at the sphenoidal electrode versus the timing of 
a component at a lateral scalp electrode may help distin- 
guish deep and superficial sources on MEG (43, 44). 



Median Nerve Somatosensory Evoked Field From 
Central Fissure - Required Number of 
Channels and Reproducibility 

Magnetoencephalography and EEG are accurate for 
localization of the central fissure for surgery and MEG is 
easier to integrate and reproduce with MRI for practical 
use of this information (7, 45, 46). The single moving dipole 
localizations of the median somatosensory evoked field 
N20m and P30m in the same subject were compared 
between a 100-channel 68-sensor site neuromagnetometer 
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and a 200-channel 150-sensor site neuromagnetometer. 
The localization from each lab was co-registered onto the 
subject's MRI. The difference was 2.1 mm (SD 1.84), within 
1 SD of the inherent error of MEG phantom dipole localiza- 
tion and co-registration in the saline-filled sphere (1.4 mm 
SD 0.9), similar to the 2-3 mm error in a phantom study on 
a 122-channel whole-head system (36). 

Thus, within the error limits derived from phantom stud- 
ies in two whole cortex neuromagnetometers, there was no 
detectable difference in localization of the early dipolar 
components of the median somatosensory evoked field 
between the 68-channel system and the 150-channel system 
(47). This confirms the results of a theoretical study, which 
predicts no significant difference between 64 channels and 
128 channels for localization of one dipole and multiple 
dipole cortical sources (48). The accurate localization of the 
superficial, focal currents producing the early components 
of the SER is one of the most difficult tests of a localization 
method. A superficial source has the highest spatial fre- 
quency of topographical map isocontours (49). 



MAGNETOENCEPHALOGRAPHY IN 
CLINICAL EPILEPSY AND 
BRAIN MAPPING 

Magnetoencephalography Accuracy in Epilepsy 
Localization 

Efforts at confirming accuracy of MEG in clinical local- 
ization of epilepsy have been addressed from numerous 
direct and indirect approaches. The direct methods mainly 
reflect work done with either implanted dipoles using special 
intracranial (IC) electrodes (8, 9) or simultaneous IC-EEG 
and MEG recordings (41, 50-52). Indirect confirmation 
mainly comes from studies demonstrating colocalization 
with known epileptogenic substrates either visible on func- 
tional or structural imaging or confirmed with subsequent 
IC-EEG and successful surgical outcomes with supportive 
histopathology (7, 10, 11, 13, 15, 16, 18, 53-60). 

Recordings with implanted dipoles (created by a pair of 
special electrodes included with IC-EEG electrode implan- 
tation) provide the control of variables and parameters 
nearly equal to that in rigorous phantom studies but truly 
in vivo in human brain and skull. Results from dipoles placed 
in mesial, basal, and inferior lateral temporal regions showed 
that MEG predicted localizations were within 1, 2, and 4 mm 
respectively of the actual locations (8, 9). These findings 
provided fundamental support for validity of the entire system 
(from hardware to localization model to brain co-registration) 
to accurately localize sources in the human head. This type 
of testing, however, cannot account for the type of variable 
complex spontaneous paroxysmal discharges typical of most 
human partial epilepsies. 

Although still few, simultaneous IC-EEG-MEG studies 
have increasingly been performed. The difficulties of these 



tests are not confined to logistical and safety issues of 
transporting patients with implanted IC electrodes for 
prolonged periods from a medical-surgical nursing hospital 
unit to the MEG laboratory (typically more of an outpatient 
setting); they also include frequent problems with artifact 
from electrical hardware and connections as well as cumber- 
some dressings that can negatively displace the MEG detec- 
tors from the closest possible position with scalp surface. 

In spite of these issues, simultaneous IC-EEG-MEG stud- 
ies elucidate details on the true capabilities and limitations of 
MEG to estimate various types and locations of spontaneous 
epileptiform paroxysms. With respect to depth of interictal 
spike sources in temporal lobe epilepsy it is clear that MEG 
detects few, if any, mesial or 'hippocampal-only' spikes 
recorded with subdural strip electrodes (50-52, 59). Basal 
temporal sources appear to require at least 6 cm 2 and lateral 
neocortical sources, 3-4 cm 2 of contiguous cortical activity. 
Similar to lateral temporal lobe sources, for MEG to detect 
the majority of spikes recorded from the dorsal lateral 
frontal lobe, activation of at least three subdural electrodes 
(1 cm apart) is required (51, 52). In the one reported case of 
mesial frontal-only spikes, MEG failed to record any epilep- 
tiform paroxysms. 

Thus, it should be understood that MEG does not provide 
any clear advantage over EEG with respect to detection 
sensitivity of deep epileptiform sources. This does not mean 
that MEG cannot detect spikes that EEG does not (and vice 
versa) but rather that signal drop-off (inverse square of the 
distance) is generally similar, as should be expected. This 
parallel sensitivity excludes any patient specific skull or brain 
anatomy abnormalities that would affect electrical potentials 
and magnetic fields differentially, e.g. surgical skull defects, 
where MEG would be at an advantage. Furthermore, given 
the classical estimate of 6 cm 2 required for EEG to detect 
spikes, MEG may be more sensitive for convexity neocortical 
sources. Finally, MEG is intrinsically better at recording and 
detecting signals from sources that are primarily oriented 
tangentially to the convexity, such as intrasylvian cortex. 

The most important difference between MEG and EEG 
is the accuracy of source localization. In one study that 
included both MEG and EEG dipole source localization, 
MEG was shown to be more accurate with the known source 
and tightness of dipole clustering (61). For clinical applica- 
tion this issue alone may support the use of MEG over EEG. 
However, new techniques using real head modeling with 
high resolution EEG (comparable to the resolution of 
sampling typically used in MEG) might provide similar 
accuracy or even better characterization of sources than 
MEG in certain circumstances. Ideally source localization 
should take advantage of the combination of MEG and EEG 
as complementary tools for optimally characterizing and 
localizing complex sources. 

Although it is an indirect method of addressing accuracy 
of MEG, colocalization with focal epileptogenic substrates 
also may provide evidence for clinically relevant accuracy. 
Focal epileptogenic substrates may be represented by visible 
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well delineated lesions on imaging or by electrophysiologi- 
cally defining cryptogenic functional lesions, pathologies 
that when completely disrupted or removed surgically result 
in elimination of seizures. Because of the ability of highly 
accurate image co-registration, reliable in-vivo colocaliza- 
tion studies can be performed. With the greater ease and 
lower risk to validate localization, much of the reported 
work supporting MEG epilepsy source localization is indeed 
based on demonstrating concordance with imaging. 

Well delineated lesion colocalization represents strong 
validation of MEG spike source localization, particularly 
with low-grade tumors or tumor-like lesions that clearly are 
the single focal cause of a given patient's epilepsy. Even in 
many cases when the lesion itself is not 'intrinsically' epilep- 
togenic, immediately adjacent tissue is usually the source 
of spikes and seizure onset. This may not always be the case 
with developmental or tumor-like lesions (e.g. focal cortical 
dysplasias), where epileptiform discharges may extend up to 
several centimeters away from the MRI visible lesion. Still 
in nearly all cases a topographical relationship of spikes 
to the lesion can be delineated in a detailed fashion with 
IC-EEG and then compared with MEG localizations. Such 
studies have consistently shown MEG to be remarkably con- 
cordant with the IC-EEG findings, including various tumors 
and malformations of cortical development (15, 57, 60). 

The best cases of confirmation with colocalization are 
seen in patients with intrinsically epileptogenic focal lesions 
(13, 15, 54, 57). Figure 16.2 shows a patient with a left 
peri-rolandic glial-neural complex. Trains of frequent spikes 
were recorded and nearly all clustered on the lesion itself. 
The MEG spike source estimates completely and tightly 
overlapped the lesion. Ultimate validation comes from colo- 
calization with surgical removal of such lesions that render 
patients seizure free. The great confidence that this and 
other such lesions are the source of epileptiform discharges 



shows without any doubt, that regardless of all issues involved 
with MEG methods, including the limits and assumptions 
associated with source modeling, that epilepsy MEG spike 
source localization can be remarkably accurate. 

In contrast to the above example, other lesions are 
associated with peri-lesional epileptogenic tissue. One of 
the main challenges is to determine the eccentric location 
and extent of neighboring tissue that should be included 
in the resection that is in addition to the lesion removal. 
Otsubo et al. (60) addressed this issue specifically in their 
lesional MEG study in 12 children with neocortical epilepsy. 
The spatial relationship of spike sources with respect to the 
lesion correlated with ECoG findings in all cases. Thus, even 
with lesions that often suggest the obvious location of seizure 
sources, MEG spike source localization can not only confirm 
whether the lesion is epileptogenic but also delineate what 
neighboring tissue is epileptogenic and important to remove 
(Figure 16.3). 

Cryptogenic lesions, those that are not visible on 
high-quality MRI, are true challenges in the sense of the 
'needle-in-the-haystack' concept of epilepsy localization. 
Detection of these lesions is one of the main focuses of 
clinically applied functional epilepsy imaging - PET, SPECT, 
magnetic resonance spectroscopy (MRS), functional MRI 
(fMRI), and diffusion weighted imaging (DWI). MEG can 
play a similar, but even more important role by directly reveal- 
ing the source of epileptiform disturbance in relation to the 
cryptic pathology, directly tying together the epileptogenic sig- 
nificance of focal functional abnormalities on imaging. This 
typically applies to cryptic cortical dysplasia that may or may 
not be associated with changes on PET or SPECT. Figure 16.4 
demonstrates a typical example of this scenario both aiding 
detection of a cryptogenic substrate and confirming its func- 
tional epileptogenic significance. Only after MEG spike 
source localization was achieved was the lesion associated 
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FIG. 16.2. MEG validation - epilepsy lesion colocalization. A. EEG spikes as recorded over the left central temporal and parietal regions; 
B. MEG recording of same spikes (37 channels centered over P3); C. Spike dipoles sources shown tightly overlapping left parietal glial neural 
complex as seen on T2-weighted MRI. 
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FIG. 16.3. MEG spike colocalization with MRI lesion of uncertain significance. A. Extracted epoch of spikes recorded with EEG over the left 
anterior temporal region. B. MEG sensor array tracing including a single spike as recorded with a 37-channel biomagnetometer centered over 
the mid left temporal region (T3). C. MRI images with MEG spike dipole sources (white triangles; attached tails represent dipole vector) overly- 
ing a questionable gray-matter lesion. D. Co-registered FDG-PET images revealing a focal functional defect that colocalizes with MEG spike 
sources. Histopathology after surgical resection showed findings of a ganglioglioma. 





FIG. 16.4. MEG spike colocalization with a cryptic epileptogenic lesion. A. MRI with MEG spike dipole sources present in the right superior 
temporal gyrus and superior bank of the middle temporal gyrus (white triangles within boxed region). Inset. Co-registered FDG-PET image 
revealing a focal functional defect that colocalizes with MEG spike sources. B. Hematoxylin and eosin stain of surgical resection tissue from the 
location of spike sources showing a focal cortical dysplasia with Taylor type II balloon cells. 
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with focal relative hypometabolism appreciated on FDG-PET. 
Surgery guided by IC-EEG and intraoperative ECoG con- 
firmed the focal neocortical temporal localization defined by 
MEG and histopathology revealed hamartomatous cortical 
dysplasia. Surgical resection yielded a seizure-free outcome. 
Accepting that MEG spike localization may be accurate 
as a new noninvasive imaging tool, the first clinical applica- 
tion question is not necessarily whether it may replace IC- 
EEG but rather whether it can aid in the optimal placement 
of IC electrodes. Often hypotheses that influence IC elec- 
trode placement and distribution of coverage are based on 
relative low-resolution inference from scalp EEG with or 
without supplemental help from imaging. In fact, because it 
can only detect pathologic structural or functional distur- 
bances that indirectly reflect the potential epileptogenic sub- 
strates, imaging can be misleading. Only neurophysiologic 
localization can provide confirmatory information directly 
reflecting epileptogenic tissue. Thus, it has been of great 
interest to determine whether MEG spike source localiza- 
tion correlates with IC-EEG recordings. Numerous reports 



have shown that MEG can in most cases, especially in neo- 
cortical epilepsies, accurately predict localization of the 
most active epileptiform disturbances and seizures recorded 
with subdural grids (7, 1 1, 15, 16, 18, 56). 

Still, an important issue will always remain, regardless of 
technical accuracy, is the fact that MEG conventionally only 
records and localizes interictal epileptiform activity. This 
limitation must always be acknowledged in ultimate clinical 
decision-making. As a result, in many cases, MEG should 
not be expected to replace IC-EEG ictal recordings. At the 
same time the value of localization of very active unifocal 
epileptiform paroxysms should not be underestimated, 
particularly in extratemporal lobe epilepsy. In such cases 
MEG should be able to at least optimally direct IC-EEG 
placement or even planning of craniotomy location and 
ECoG. With further ability to subgroup patients with the 
most robust unifocal active epileptiform disturbances, and 
concordant focal defects on advanced functional imaging, it 
should be possible to identify many patients who can skip 
IC-EEG all together. It is our experience that, although these 









FIG. 16.5. MEG spike colocalization with ictal SPECT. A. EEG epoch with right mid-posterior temporal/inferior parietal spikes. B. MRI with MEG 
spike dipole sources present in the right superior temporal gyrus and deep intrasylvian cortex (yellow triangles; tails represent dipole vectors; 
circles represent 95% confidence volumes for source estimates). C. Co-registered ictal SPECT images of seizure related relative in 
blood flow colocalized to the area of clustered spike dipole sources. 
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FIG. 16.6 Ictal MEG spike colocalization with ictal SPECT. Top. MRI with MEG spike dipole source localization estimates (yellow triangles; tails 
represent dipole vectors; circles represent 95% confidence volumes for source estimates) computed on rhythmic focal sharp waves seen on 
both EEG and MEG early in seizure evolution; same patient as in Figure 16.5). B. Co-registered ictal SPECT images of seizure related relative 
n blood flow colocalized to the area of initial seizure sharp-wave dipole sources. 



cases are relatively rare, they are extremely important to re- 
cognize because they almost invariably have focal crypto- 
genic pathology and, most importantly, they comprise a 
subgroup of patients with extratemporal lobe epilepsy who 
have an excellent surgical prognosis. 

Ictal MEG is not commonly performed but is feasible. 
The largest challenge in obtaining ictal MEG recordings is the 
logistics of capturing a seizure in the approximately 1-2 hour 
session of the typical examination. In a subset of the same 
patients for whom ictal SPECT can most readily be 
acquired, patients with frequent brief extratemporal seizures 
(mostly frontal lobe) can be recorded in the MEG suite. 
Movement related to the clinical onset can be a problem, 
but frequently at least a few seconds of early ictal cerebral 
activity can be recorded before clinical onset and can be 
analyzed by dipole source localization. Typically, individual 
spikes/sharp-waves of initial rhythmic ictal patterns are ana- 
lyzed (Figure 16.6). Averaging of monomorphic spikes/sharp- 
waves is also possible (15). 

As with interpretation of all ictal studies, one important 
issue is whether or not the sources reflect propagated seizure 
activity. This has to be of particular concern with mesial 
temporal seizures, where MEG is intrinsically limited to 
bias localization of propagated lateral temporal ictal activity. 
Still, in the few studies that have reported ictal MEG cases, 
results were promising, revealing consistent localization 
with IC-EEG and good surgical outcomes (41, 62-64). 
Notable also was the finding that ictal spikes agreed with 
interictal spike localization in most cases. Thus, if possible, 



attempts should be made to perform ictal MEG in patients 
who have frequent seizures. This should especially be the 
case in the patients whose seizures are brief with rapid 
spread that would be difficult to localize with ictal SPECT, 
or when ictal SPECT may not be available. 



SPECIAL LOCALIZATION ISSUES 
Temporal Lobe Epilepsy 

Magnetoencephalographic epilepsy localization in the 
temporal lobe depends greatly on whether the case of study 
is that of true mesial temporal lobe (MTLE) or lateral 
temporal lobe epilepsy (LTLE). For MTLE it is necessary 
to identify and characterize entorhinal, amygdala, and 
hippocampal spike sources as the predominant epileptiform 
disturbance of cerebral activity. However, the depth of mesial 
sources (3-4 cm) is such that their detection sensitivity is 
low. Moreover, spike propagation to basal and lateral cortex, 
as is required to generate a measurable MEG signal at the 
scalp, creates a complex net combination of biophysical 
magnetic field properties that can result in poor or 
inaccurate localization; the main issue is that MEG will be 
differentially more sensitive to the propagated activation in 
more superficial cortical regions. 

Analysis of dipole orientations has provided a partial solu- 
tion to this problem (5, 59, 61). Correlation with subsequent 
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IC-EEG recordings showed that anterior temporal dipole 
sources with a vertical orientation were associated with 
mesial onset seizures and imaging-defined hippocampal 
atrophy, whereas those anterior spike sources with predom- 
inantly horizontal orientation reflected basal and temporal 
polar sources more often. An even more important clinical 
distinction was that posterior vertical sources strongly cor- 
related with lateral TLE. Thus, it has been proposed that 
dipole orientations are more important than absolute dipole 
localization in TLE (61). 

Even with some of the localization limitations in MTLE, 
clinical value has been demonstrated with regard to distri- 
bution of spikes and seizure surgery outcome with anterior 
medial temporal lobectomy. Iwasaki and colleagues (65) 
classified spike localizations into two groups - anterior tem- 
poral (AT) and non AT localization - based on whether more 
than 70% of spike sources were anterior to a boundary line 
beginning at the point at which the central sulcus reaches the 
sylvian fissure and perpendicular to the chiasmatic commis- 
sural line (basically dividing the temporal lobe into anterior 
and posterior halves). Patients showing AT localization 
became seizure-free and spike-free following anterior tem- 
poral lobectomy. It is yet to be determined, but initial results 
suggest that patients with non-AT localizations (with or 
without evidence of MTS on MRI) should undergo IC-EEG 
evaluations to confirm localization and improve outcome. 



Landau-Kleffner Syndrome 

Landau-Kleffner syndrome (LKS) represents a unique 
and challenging epilepsy syndrome that may particularly 
benefit from MEG spike localization. LKS is an acquired 
epileptic aphasia or verbal agnosia occurring in a previously 
normal child, characterized by deterioration in language 
function in association with a seizure disorder and/or a 
paroxysmal EEG abnormality (66). The signature EEG abnor- 
mality is characterized by very frequent large-amplitude 
epileptiform discharges recorded with EEG in wide and 
varied distributions but mainly over the centrotemporal 
regions of either hemisphere. MEG studies in LKS patients 
have shown that the primary sources for the epileptiform 
disturbances lie predominantly in intra-sylvian cortex (67, 68). 

Figure 16.7 is an example of MEG localization of very 
widespread typical epileptiform disturbances in a child with 
classic LKS. In spite of the large field, and even bilateral dis- 
tribution (left-sided amplitude maximum), the source esti- 
mates based on MEG are remarkably unifocal and clustered 
tightly in the intrasylvian cortex. Extrasylvian sources appear 
to be secondary (from both cortico-cortical and transcallosal 
spread) when spatiotemporal analysis is performed (67). 
EEG detection and ability to localize deep fissural sources 
is limited compared to MEG because of overlapping second- 
ary activation of radial sources in perisylvian convexity 
cortex. This activity in effect acts as noise, compromising the 
detection and optimal characterization of the intrasylvian 



sources where over two-thirds of the regional cortical 
mantle lies. 

One practical and important clinical consideration sur- 
rounding LKS source localization is the influence it may 
have on surgical treatment. Intra- and perisylvian multiple 
subpial transections can abolish the spikes (including sec- 
ondary extrasylvian sources) and result in rapid reacquisition 
of language and speech function (67). The first challenge in 
LKS cases is to determine whether a predominant single 
source exists for what often appears on EEG to be widely 
distributed and bisynchronous. The second challenge (if a 
single unilateral source is strongly suspected) is to deter- 
mine the location and extent of the critical sources. Both are 
crucial in surgical decision making - the former to determine 
who are best candidates for surgery and the latter to aid in 
minimizing risk (limiting as much as possible the opening of 
the sylvian tissue) and optimizing the likelihood that the 
correct location will be targeted. 



Focal Slow-wave Localization 

Slow-wave source localization is a potential application of 
MEG to aid presurgical evaluation. Persistent and intermit- 
tent (including postictal) relative focal slowing can be of 
localizing value because such nonepileptiform disturbances 
usually reflect pathology responsible for partial epilepsy, 
pathology that sometimes is cryptic on MRI. Source local- 
ization in general can be performed with EEG or MEG but, 
for the same reasons that spike source localization is advan- 
tageous with MEG, slow-wave sources can be more reliably 
estimated with MEG. Only a few studies have directly 
examined MEG slow-wave source localization in presurgical 
epilepsy evaluations. Although sensitivity, specificity, and 
validation have not been thoroughly demonstrated, results do 
confirm that the technique colocalizes slow-wave sources 
with confirmed lesions (69, 70). The need for further study is 
clear because of the implications for easily capturing these 
disturbances in the interictal state without the need to capture 
spikes that may be absent in routine MEG recordings. 



Secondary Bilateral Synchrony 

A relatively common epilepsy localization problem in 
extratemporal lobe epilepsy is that of secondary bilateral 
synchrony. This is variably defined depending on the strict- 
ness of the criteria chosen by electroencephalographers. 
Blume and Pillay's definition, 'sequential focal spikes or 
sharp waves leading directly to bilaterally synchronous 
epileptiform paroxysms,' might be the most reliably identi- 
fied (71). Scalp EEG is poorly suited to address this problem 
in many cases. 

The first problem, to determine if secondary bilateral 
synchrony actually applies in a given patient, can be the 
most difficult if a criterion requiring a single lateralized 
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FIG. 16.7. MEG spike localization in Landau-Kleffner syndrome. A. EEG of patient's typical, almost continuous spikes and spike-slow-wave dis- 
charges recorded during sleep; discharges are widespread but consistently maximal over the left hemisphere. B. MEG spike dipole source esti- 
mates (yellow triangles; tails represent dipole vectors; circle represents a typical 95% confidence volume from a selected spike source) for those 
discharges seen on EEG are tightly localized to a relatively focal region in the deep left intrasylvian cortex. 
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predominant spike source in addition to bilateral synchro- 
nous paroxysms is not used. For cases with only bilaterally 
synchronous spike slow-wave discharges, MEG probably 
confers no particular advantage over EEC For both methods, 
equally high temporal resolution requirements exist in order 
to separate sequential source activations within as little as 
15 ms. Although this problem can be handled with very high 
recording sampling rates to address lateralization, localiza- 
tion remains difficult. Logically, the single ECD model 
should not be suited for valid localization. However, in the 
author's experience, the single ECD model may actually 
work in some instances, precisely because of its limitation 
of assuming one temporally isolated source. 

Figure 16.8 provides an example of MEG lateralization 
of a patient with frontal lobe epilepsy and secondary bilat- 
eral synchrony. In this patient the single ECD model consis- 
tently lateralized the bisynchronous appearing discharges to 
the right. An explanation for this lateralization is put forward 



based on the existence of sufficient temporal resolution at 
the onset of the discharges such that the model can be suc- 
cessful and will only be so for the primary source. Once 
activation of the secondary source has occurred the model 
will fail. Because of propagation latency variability, analysis of 
many discharges will not yield any localizable single dipole 
sources but, in those it does, the sources should be consis- 
tently lateralized to the primary side. This is one area of 
future MEG study that will most certainly be developed with 
more routine usage of multidipole spatiotemporal modeling. 



Postsurgical Epilepsy Localization 

Another unique application advantage of MEG over 
EEG is in patients who have had previous craniotomies and 
surgical resections. In these patients electrical potentials 
recorded at the scalp are distorted by cranial defects and the 



FIG. 16.8. MEG spike localization in a patient with 
secondary bilateral synchrony. A. EEG showing wide- 
spread, bilateral epileptiform discharge with a left-sided 
amplitude emphasis (typical for this patient, although 
many discharges did not have any amplitude asymmetry). 
Figure continued on facing page 
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FIG. 16.8.— Cont. B. MEG spiked 
dipole source estimates (yellow tri- 
angles; tails represent dipole vectors; 
circle represents a typical 95% confi- 
dence volume from a selected spike 
source) were found consistently in the 
right frontal lobe. Following a large 
right frontal lobectomy, the patient 
became completely seizure-free, a 
result confirming secondary bilateral 
synchrony and localization. 



biophysical disturbances of brain volume changes. This 
situation is particularly applicable in patients with recurrent 
seizures after epilepsy surgery for whom repeat surgery is 
contemplated. It has been confirmed with IC-EEG that 
MEG can be successful in localizing postsurgical epilepti- 
form disturbances (72). Aiding or eliminating difficult repeat 
IC-EEG studies (because of dural adhesions) would be a true 
contribution for MEG. Further, prognostic studies are antici- 
pated that evaluate more formally the extent of MEG spike 
s included in the surgical resection cavities. 



MAGNETOENCEPHALOGRAPHIC FUNCTIONAL 
LOCALIZATION 

Localization of normal and abnormal task-specific func- 
tion in the brain cannot rely on anatomic landmarks alone. 
Frameless stereotaxy systems have helped this situation 
greatly as they have become increasingly available. 
Certainly the capability of presurgical noninvasive structural 
imaging to guide intraoperative surgical approaches in 
real-time interactive fashion is valuable. However, this 
methodology remains limited if accurate mapping of func- 
tion is not associated with structure. 

Brain mapping (function localization mapped on structural 
anatomy) is now an established clinical tool of MEG with 
FDA approval and CPT codes in the United States. The basis 



for this approval comes from numerous basic and clinical 
validation studies showing a high degree of accuracy for map- 
ping of primary cortical functions, especially somatosensory 
and motor cortex. Conventional mapping with intraoperative 
ECoG with and without direct electrical cortical stimula- 
tion does not allow for preoperative planning and decision- 
making. The next section of this chapter reviews the most 
common methodologies of clinical MEG brain mapping, vali- 
dation studies, and specific applications with case examples. 

The goals of clinical imaging-based brain mapping are 
the same whether MEG or other functional imaging tech- 
niques are employed. Namely, it is expected that noninva- 
sive preoperative mapping can provide aid in surgical 
decision-making (even whether to proceed with surgery), 
surgical planning strategy, and intraoperative guidance - all 
to optimize effectiveness of surgery with the least morbidity 
for significant neurologic deficits. Effectiveness of surgery 
typically includes maximal extent of resection (or discon- 
nection) for tumors and other lesions, as well as epilepto- 
genic tissue. Compromise in extent of resection due to 
inability to accurately define functional tissue can have 
consequences that are arguably as problematic as the deficits 
one is trying to avoid. 

The basis of conventional MEG brain mapping is that 
of stimulus-induced magnetic field responses that can be 
recorded in a fashion analogous to electrical evoked potentials. 
By synchronizing recordings to task timing and averaging 
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hundreds of stimulus epochs, strong SNRs can be obtained 
for multiple functional modalities to be adequately recorded 
and mapped. The advantage of MEG spatial resolution over 
EEG, as with spike source localization, rests on the near 
absence of attenuation and distortion of induced magnetic 
field as compared to evoked potentials. And if evoked cortical 
activation sources are focal and temporally isolated, MEG 
source localization can have a resolution on the order of 
millimeters (73, 74). 

Moreover, when spatially separate predominant sources 
are sequentially activated, MEG allows temporal resolution 
(milliseconds) that is not possible with other functional 
imaging modalities. This type of resolution can be critical in 
mapping of complex cognitive functions such as language, 
where clinically important task-specific function may not 
be discerned among numerous scattered areas of increased 
rCBF as depicted with fMRI or FOJPET exams. Solving 
questions surrounding this problem is why MEG stands as a 
crucial component of future research in both basic and clin- 
ical brain mapping in spite of rapid advances in fMRI. 

Primary somatosensory cortical localization is the most 
established clinical mapping method of MEG. It is noninva- 
sive, can be rapidly performed, and is completely passive 
(allowing patients who are unable to cooperate or perform 
motor tasks to be studied). Numerous studies have examined 
MEG somatosensory mapping with respect to validity and 
effects on surgical decision-making (46, 74-79). The valida- 
tion studies have mostly been performed with comparison to 
direct cortical stimulation (with both intraoperative maps 
and chronically implanted subdural grids). From these stud- 
ies it is clear that the MEG somatosensory mapping is robust 
and accurate. 

One difficulty with measuring comparisons of MEG to 
direct electrical stimulation to cortical surface must be 
emphasized. Even with the accuracy of image-based map- 
ping comparison afforded by MEG data that is integrated 
with frameless stereotaxy systems (77, 79-8 1 ), direct meas- 
ures of differences in localization cannot be performed 
because the intrinsic tendency of sulcal localizations with 
MEG versus surface maps with electrical stimulation. 

Magnetoencephalographic somatosensory mapping 
employs various stimuli. The most common techniques use 
either airpuffs applied to skin surface or electrical stimulation 
of median and tibial nerves. Examinations typically require 
256-512 repetitions for maximal SNRs with averaging. In 
contrast to electrical stimulation, the latency for the initial 
largest dipolar magnetic fields with airpuffs has a large vari- 
ance across subjects and stimulus conditions - values for hand 
digit stimulation typically range from 35 to 70 ms. Major 
peaks at later latencies are also identified; these later peaks 
are believed to reflect processing in association cortices. 

Detailed homuncular maps have been reported in normal 
subjects (73). Remarkably, most localizations of the main 
initial source mappings are found in the posterior bank of the 
central sulcus, generally following the Penfield homunculus 
(82), including some variation into the precentral gyrus. 



In presurgical studies, mapping is usually confined to a few 
digits, toes, and lip for practical purposes. These examina- 
tions can be completed within 1-2 hours with results integ- 
rated into frameless stereotaxy systems for intraoperative 
use. However, one of the greatest values of MEG mapping 
studies is aiding the preoperative planning of surgery, espe- 
cially surgical approaches in patients with distorted anatomy 
from lesions, abnormalities that can preclude accurate 
predictions of sensory-motor function localization based 
on anatomy (74, 79). Figure 16.9 shows the mapping of digit 
somatosensory function in a patient with a left central/ 
rolandic tumor. In this case an initial biopsy was performed, 
taking an anterior approach in the belief that primary 
sensory-motor cortex was located at the posterior margin of 
the lesion. After the biopsy the patient had a transient right 
hemiparesis. When mapping was performed for planning 
surgical resection, the anterior margin of the tumor was 
shown to be the location of primary somatosensory cortex. 

Motor mapping can be performed by synchronizing 
movement initiation to electromyographic (EMG) input. As 
with evoked electrical potentials a premovement 'readiness 
potential' or 'Bereitschaftspotential' can be recorded as an 
MEG readiness field (RF), lasting approximately 500 ms 
and occurring 1-2 seconds before EMG onset (83). Motor 
evoked fields begin with peaks 20-50 ms after EMG onset, 
followed by variable but typically identified larger- 
amplitude components occurring at approximately 100, 200, 
and 300 ms after movement onset. A postmotor field may be 
detected at latencies between 400 and 500 ms (83). The 
problem with mapping motor activated neural activity for 
clinical purposes is the complexity as compared to primary 
somatomotor sensory mapping. In fact, even with simple 
spontaneous repetitive finger movement, proprioceptive 
activation of sensory cortex may predominate, for a signifi- 
cant proportion of neural activation with motor mapping is 
localized to the postcentral gyrus. 



Cortical Reorganization 

In a further extension of the concept of mapping function 
location altered by pathology, is that of cortical reorganiza- 
tion (plasticity) resulting from early acquired or develop- 
mental lesions. Even more than with late acquired mass 
lesions such as tumors, congenital or early childhood alter- 
ations of normal anatomic development can result in 
anomalous, unpredictable localization of function. The 
implications of this issue arise not infrequently in the surgi- 
cal treatment of epilepsy where epileptogenic substrates are 
commonly malformations of cortical development or early- 
acquired brain injuries such as perinatal strokes. In such 
cases, knowledge of alterations in function localization may 
play a critical role in surgical decision-making. This includes 
the decision to proceed with surgery or not as well as deci- 
sions about the extent of resection; all that can effect seizure 
outcome. 
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FIG. 16.9. MEG somatosensory mapping (SOM) in a central/rolandic tumor case. A. MEG SOM of left second finger activation (green squares; 
tails represent dipole vectors) localizes to the central sulcus in the unaffected right hemisphere. B. MEG SOM of right second finger activation 
s to the anterior margin of the left hemisphere tumor, an unexpected finding, as the primary motor and sensory cortex was suspected 
it the posterior margin of the tumor based on anatomic landmarks alone. 



One example regarding the decision to proceed with 
surgery is that of hemispherectomy in patients with static 
lesions who have diminished but important residual motor- 
sensory function in affected limbs. Figure 16.10 shows the 
somatosensory mapping in a patient with large perinatal 
infarct involving the entire middle cerebral artery. Left side 
digit stimulation activated left hemisphere intrasylvian 
inferior parietal cortex. Following complete right anatomic 
hemispherectomy the patient became seizure-free and 
incurred no neurologic sensory-motor deficits. 

Malformations of cortical development create particular 
challenges. First, the extent of epileptogenic pathology 



necessary to resect with resulting seizure-free outcome is 
usually greater than the lesion seen on MRI. This leads to 
the need for aggressive resections that often may encroach 
into functionally important tissue, cortex requiring careful 
delineation in order to obtain optimal resection. Second, the 
location of eloquent function may be anomalous, depending 
on the nature of the malformation. Figure 16.11 shows 
the somatosensory mapping of patients with complex mal- 
formations of cortical development, including extensive 
perirolandic polymicrogyria. Localizations of cortical activ- 
ity from sensory stimulations of the digits and lip are within 
the malformation in what would be the best anatomic estimate 




FIG. 16.10. MEG somatosensory mapping (SOM) in a patient with intractable epilepsy symptomatic of an early (perinatal) right middle cerebral 
artery stroke. SOM of left second and fifth finger (LD2 and LD5) activations - both in the left hemisphere. These localizations demonstrate com- 
plete reorganization of hemisphere lateralization. Additionally, the inferior parietal cortical localization represents aberrant intrahemispheric 
localization - centimeters inferior to typical rolandic homuncular localization for hand digits. 
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FIG. 16.11. MEG somatosensory mapping (SOM) in a patient 
with intractable epilepsy symptomatic of a malformation of cortical 
development. SOM localizations are overlaid on the patient's MRI 
(A. Transverse, B. Coronal, and C. Sagittal). In spite of the distorted 
anatomy, SOM of the left lower lip (Lllip) and the second digit of the left 
hand (LD2) activations are within the malformation - polymicrogyria - in 
what would be the best anatomic estimate for such activations based on 
typical homuncular organization. 



for such activations based on typical homuncular organiza- 
tion. In contrast, localization of function in patients with 
absence of developed brain or when severe true dysplasias 
are present in anatomic areas expected to serve primary 
function is expected to be reorganized in a fashion that 
cannot be predicted without functional mapping. 

Other sensory modality localizations with MEG, includ- 
ing visual and auditory mapping, show similar behavior to 
somatosensory mapping in the presence of various develop- 
mental or early-acquired lesions (84). Primary auditory 
cortex can be exquisitely mapped with MEG in response to 
tones, vowels, synthesized words, and other types of 



acoustic or phonetic stimulation (85). Very reproducible, 
tightly organized, tonotopic maps are demonstrated in the 
posterior planum of the superior temporal gyrus (86). The 
most prominent peak upon which auditory mapping is based 
is located at approximately 100 ms (mlOO), and is typically 
larger in amplitude and slightly earlier in cortex contralat- 
eral to the stimulation. The high degree of accuracy and 
reproducibility of ml 00 organization allows for sensitive 
detection of mapping derangements related to clinical disor- 
ders, including schizophrenia and epilepsy (87, 88). 

A good example is the case of a patient with focal cryp- 
togenic (normal MRI) neocortical TLE in whom auditory 
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cortex mapping was shifted downward into the middle tem- 
poral gyrus. The patient's seizures and spikes were localized 
predominantly in the superior temporal gyrus, where focal 
cortical dysplasia with Taylor type II balloon cells was 
present as revealed under histopathologic exam following 
surgical resection. All such cases simply emphasize the 
complexity and unpredictable mapping of a common group 
of epilepsy patients who frequently undergo surgical evalu- 
ation and treatment for intractable seizures. MEG in such 
cases allows a combined approach to solving the difficult 
localization questions for both the epilepsy and functional 
mapping in a noninvasive fashion and like no other imaging 
modality. 



CONCLUSIONS 

The application of MEG to epilepsy localization is no 
longer a technological tool in development. Over the past 
several years the evolution to whole-head systems capable 
of routine clinical examination has been realized. Reports 
validating accurate estimation of focal epileptiform spike 
sources have come from multiple levels of concordance with 
other methods of epilepsy localization ranging from colo- 
calization with visible epileptogenic lesions to confirmation 
by both subsequent and simultaneous implanted IC-EEG 
recordings. 

The greatest value of epilepsy MEG source localization 
is in patients with neocortical seizure disorders. It is increas- 
ingly clear that if the epileptogenic zone is neocortical 
(especially in the dorsal lateral convexity or lateral temporal 
lobe) and characterized by tightly clustered unifocal spikes 
on MEG, then it is likely that IC-EEG recordings will add 
little to the evaluation. In such patients, even if no lesion is 
visible on MRI, focal deficits are frequently seen on func- 
tional imaging that are concordant with MEG. As more 
formal experience is gained with this subgroup of patients, 
it is expected that IC-EEG can be avoided in more patients. 

Some specific epilepsy localization issues can be 
addressed by intrinsic attributes of MEG. LKS is one issue 
in particular in which MEG appears to be clearly at an 
advantage to evaluate for presurgical localization. MEG is 
uniquely capable of resolving localization of the complex 
primary intrasylvian epileptiform disturbances associated 
with LKS. In similar fashion, secondary bilateral synchrony 
can be addressed with MEG, although more routine investi- 
gation with multidipole spatiotemporal analysis should be 
performed. Advances in MEG localization of nonepilepti- 
form disturbances (focal slowing) may offer additional 
sensitivity and delineation of epileptogenic pathology that 
can be gained without the necessity of capturing sometimes 
infrequent epileptiform discharges. Finally, because there 
is less distortion from cranial defects, MEG allows better 
evaluation of patients with prior craniotomies and surgical 
resections, in particular patients with unsuccessful prior 
epilepsy surgery for whom repeat surgery is contemplated. 



The limitations of MEG need to be recognized. Deep 
sources of epileptiform activity still cannot be detected 
without extensive propagation of neuronal activation; for 
example, spikes originating from the hippocampus have to 
propagate over several square centimeters of basal or lateral 
temporal cortex to be detected in spontaneous recordings. 
Also, since typical recordings are of interictal epileptiform 
activity, even if MEG source localization attempts are suc- 
cessful and accurate, findings may not necessarily reflect 
where seizures begin. Fortunately, in the vast majority of 
cases in which MEG reveals well localized, mostly unifocal 
epileptiform disturbances, ictal IC-EEG has shown concor- 
dant ictal onset zones. Furthermore, ictal MEG can be per- 
formed in a substantial number of patients who have frequent 
seizures, which is often the case of those with extratemporal 
lobe epilepsy. Additionally, an exciting opportunity arises 
that specific characterization of interictal MEG spike local- 
ization can be discovered that predicts reliability of epilepsy 
localization and surgical prognosis. 

The ultimate goal of completely noninvasive presurgical 
epilepsy evaluations can be met with the combination of 
epilepsy localization with brain mapping (of eloquent corti- 
cal function). MEG is particularly well suited to contribute 
greatly to this goal, as it is a tool capable of accomplishing 
both tasks. 
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image analysis 392-3 

interictal variability 386-7 



Index / 441 



optimal image presentation 386 

preoperative localization 385-6 

sensitivity 387 

temporal lobe epilepsy (TLE) 386-7 
Spin-echo sequence 25 
Statistical parametric mapping (SPM) 392-3 
Stimulated echo acquisition mode (STEAM) 338 
Stroke 

after seizures study (SASS) 202 

incidence 202 

location and seizures 202 
Structural abnormality "h-A 
Structural analysis 249-69 
Sturge-Weber syndrome 202-4, 399 

clinical features 202-3 

forme fruste of 204 

imaging findings 203 
Subependymal hamartomas 227 
Subependymal heterotopia 236-7 
Subependymal linear heterotopia 239 
Sudden unexpected death (SUDEP) 7 
Sulci, shape analysis 254-6 

Superconducting quantum interference device (SQUID) 414 
Supernumerary lobe 29 
Supplementary motor seizures 179 



Tl -relaxation time 24-5 
Tl-weighted images 240 

hippocampal signal hypointensity on 115 
Tl-weighted inversion recovery sequence 123 
T2-relaxation time 25, 127-9 
T2-relaxometry 126-9, 130-5 
Taenia solium 215 
Temporal clustering analysis 312 
Temporal horn 3 1 
Temporal lobe 29, 31 

development and functions 99-100 
Temporal lobe epilepsy (TLE) 249, 252 

classification 100 

clinical features 99-103 

clinical problem 100 

definitions 100 

disorders of secondary memory 274-8 

EEG 101-2 

epileptic seizures 100 

epileptogenic processes 146-51 

FDGPET 396-7 

FMZ PET 404-5 

intractable 142-3, 278 

magnetic resonance imaging (MRI) 99-176 

MEG 421-2 

NAAin 372-3 

other than hippocampus 135-7 

pathologic abnormalities 160 

pathologic findings 103-9 



pathology correlations 143-6 

phosphorus magnetic resonance spectroscopy 376 

proton magnetic resonance spectroscopy 371-5 

seizure semiology 100-1 

SPECT 386-7 

temporal origin or spread to temporal structures 102-3 

visual analysis of images 123 

visual assessment of contralateral and bilateral 
abnormality 123 
Temporal lobe fibrodysplasia 164 
Temporal lobe hypoperfusion 387 
Temporal lobe resection 150 
Temporal lobe trauma 162 
Temporal lobectomy, actuarial analysis 151 
Texture analysis 260-3 
Tissue classification 252^4 
Tissue segmentation 252^4 
Topiramate 362-3, 366 
Toxoplasmosis 215 
Transmantle dysplasia 225-6 
Transmitter systems 9 
Tricarboxylic acid (TCA) cycle 351-2 
Tryptophan metabolism, AMT PET 407 
Tuberculoma 215 
Tuberculosis 213-14 
Tuberous sclerosis 226-9 

diagnostic criteria 227 

forme fruste 225 

neuroimaging 227-9 
Tumors, occipitoparietal epilepsy 191-2 
Turbo spin echo (TSE) 26 



Ulegyria 192, 200-1 

Unilateral amytal hemispnenc anesthesia 391 
Unilateral megalencephaly 229-30 
Unilateral open-lip schizencephaly 243 
Upper mesencephalon, horizontal section 55 



Valproate 357 

Vascular injury 197-201 

Vascular lesions 184 

Vascular malformations 158-60,193 

Verbal-specific memory impairments and left hippocampal 

sclerosis 275-6 
Vigabatrin 357, 362-4, 366 
Viral infections 209-1 1 
Visuospatial-specific impairments and right hippocampal 

sclerosis 275 
Volumetric data acquisition 249-51 
Voxel-based morphometry (VBM) 258-60 



Wada-fMRI language lateraliz; 
Wada test 287, 391 



m comparisons 289-90 
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Walker-Warburg syndrome 
White matter (WM) 252 
density 260 
reduction 259 
segmentation 253-4 
WM-GM surface 256 



X-linked lissencephaly 231 
with agenesis of the corpus < 
genitalia 233 
Xanthoastrocytomas 152 
X-rays, compared to magnetic 



Z-shimming techniques 284 
Zero filling 23 
Zonisamide 362 



